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SUMMARY 
With different orientations, waves co-exist with currents on continental 
shelves. Effects of combined wave-current flow on many coastal practices are 
significant and therefore, during the past four decades many researchers have 
contributed experimentally and theoretically to the understanding of wave-current 
interaction mechanisms. 
This thesis presents an experimental investigation of orthogonal wave-current 
flow. The study was motivated by the facts that most of the previous experimental 
studies on combined wave-current flow have been conducted for parallel wave-current 
conditions and theoretical models lack validation for 900 wave-current motions. The 
purpose of this study was to investigate flow kinematics and sediment transport 
experimentally for orthogonal wave-current flow to validate existing theories and to 
develop a new theoretical model to describe wave-current flow at arbitrary angle 
interactions. A physical model was constructed in a 3-D wave basin to reproduce 
orthogonal wave-current flow over both the flat concrete and movable sand bed. 
Experimental runs were conducted for pure currents, pure waves and combined wave-
current flows for the measurements of three directional velocities, water surface 
elevations, bed profile geometries, suspended sediment concentrations and total 
sediment transport.  
The presence of waves significantly deviated the pure current velocity profile. 
Near bed pure current velocities were reduced by the action of orthogonal waves due 
to increase of roughness height (apparent roughness) which was experienced by the 
current. On the other hand, pure wave sediment suspension was increased, wave length 
was unchanged and ripple parameters (height and length) were reduced by the 
 ix
presence of currents. With the increase of both wave and current strengths the straight 
crested ripple formation changed to serpentine and then to honeycomb patterns. Pure 
current did not transport the sediment while combined wave-current action 
significantly transported the sediment with the largest contribution resulted from 
suspension. Due to lack of experimental data, except for 00, 1800 angle wave-current 
flow, these measurements are valuable especially to study the effect of both  movable 
bed and interaction angle on behaviours of combined flow mechanisms.  
The present experiment validates the theoretical models for the condition of 900   
wave-current interactions. Grant and Madsen’s (1986) theory better accords with the 
present experimental results, in comparison to other available models which describe 
arbitrary angle wave-current flows. Some modifications for these theoretical models 
are proposed to better describe orthogonal wave-current interaction. The method of 
Bijker (1971) accords with measurements of suspension and current related sediment 
transport quantity under orthogonal wave-current flow.  
Based on time-variant bed shear stress of the combined flow, a new theory is 
developed to describe the interaction of waves and currents at arbitrary angles under 
any turbulent flow regime. An excellent agreement was found between the present 
model and laboratory and field measurements. For most of the laboratory and field 
measurements, the present theory gave the best prediction in comparison to other 
available models. Most of the field data are better compatible with the present theory 
in comparison to the predictions by Grant and Madsen’s (1979) theory. The present 
model can be applied on continental shelf under non-eroded flow or typically stormy 
conditions to study the flow behaviours of wave-current flows.  
  x
NOMENCLATURE 
ave  =  Averaged value of a parameter  
ia  =  Incident wave amplitude  
ra  =  Reflected wave amplitude    
0a  =  Amplitude of near-bed wave orbital motion  
ADV =  Acoustic Doppler Velocimeter     
b  =  Empirical coefficient, Equation 8.29 
c  =  Wave reflection coefficient  
COV =   Coefficient of variance  
50d  =      Diameter of median sediment particle size 
90d  =      Sediment diameter which 90% by weight is finer in sieve analysis  
sd  =   Diameter of suspended sediment 
D∗  =   Particle parameter, Equation D5 
,w wcf  =  Friction coefficient associated with the wave component of the 
combined flow 
 
g  =   Acceleration due to gravity ( 29.81m s ) 
h  =   Water depth  
H  =   Wave height 
k  =  Wave number  
,n bk k  =  Nikuradse’s equivalent sand roughness height 
,na bak k  =  Nikuradse’s equivalent apparent roughness height 
gk  =  Nikuradse’s equivalent grain roughness height 
fk  =  Nikuradse’s equivalent form roughness height 
  xi
l  =  Thickness of wave-dominated layer  
L  =    Wave length  
m  =  See Equations 8.8, 8.9   
p  =  Fluid pressure    
, ,t c wcq  =  Current related total sediment transport rate of wave-current flow 
r  =  Model constant (Christoffersen and Jonsson (1985)) 
rms  =  Root-mean-square value 
2R  =  Coefficient of determination value in linear regression  
R∗  =  Grain Reynolds number    
s  =  Specific density of sediment 2.65≈   
T  =  Wave period   
0u  =  Maximum near-bed wave velocity 
, cu u  =  Pure current velocity  
,c wcu  =  Current velocity in wave-current combined flow   
ru  =  Reference current velocity of wave-current combined flow  
cu∗  =  Pure current bed shear (friction) velocity 
,c wcu∗  =  Current shear (friction) velocity associated with current component 
in the  combined wave-current flow 
  
,wm pwu∗  =  Pure wave bed shear (friction) velocity 
,wcm wcu∗ =  Shear (friction) velocity associated with maximum bed shear stress of  
wave-current combined flow 
 
, cU U  =  Magnitude of depth averaged pure current velocity 
,c wcU  =  Magnitude of depth averaged current velocity in wave-current flow 
0w  =  Median diameter particle fall velocity  
  xii
sw  =  Particle fall velocity of suspended sediment  
x  =  Wave propagating direction   
y  =  Current direction (perpendicular to x  direction) 
z  =  Height above the sediment bottom  
rz  =  Reference height above the bottom   
0z  =  Physical bottom roughness height  
0az  =  Apparent roughness height  
β  =  Model constant (Christoffersen and Jonsson, 1985) 
δ  =  Phase shift between two probes    
wcδ  =  Thickness of wave-current boundary layer    
Δ  =  Dimensionless probe spacing kλ=     
rΔ  =   Pure wave formed ripple height    
,r wcΔ  =   Combined wave-current flow formed ripple height   
ε  =  Eddy viscosity  
κ  =  Von Karman’s constant ( )0.4=  
λ  =  Distance between two probes 
rλ  =  Pure wave formed ripple length  
,r wcλ  =   Combined wave-current flow formed ripple length 
ν  =  Kinematic viscosity of fluid  
cν  =  Eddy viscosity felt by current component in combined flow  
wν  =  Eddy viscosity felt by periodic component in combined flow  
ρ  =  Density of water 
sρ  =  Density of sediment 
  xiii
,pw tτ  =  Pure wave flow bed shear stress at time t  
pwτ  =  Maximum bed shear stress of pure wave 
pcτ  =   Bed shear stress of pure current   
, , ,b w wc tτ  =  Wave associated bed shear stress in wave-current flow at time t    
, ,b w wcτ  =  Maximum wave associated bed shear stress in wave-current flow  
, ,b wc tτ  =   Combined wave-current flow bed shear stress at time t  
,b wcτ  =   Maximum bed shear stress of wave-current combined flow 
, ,b c wcτ  =   Current associated bed shear stress of wave-current flow 
φ  =  Wave-current interaction angle 
ψ  =  Shields function, mobility parameter  
ω  =  Wave angular frequency  
aω  =  Absolute angular frequency 
( )EX  =   Experimental value  
( )TH  =   Theoretical value 
( )1 q  =   Averaged value of a highest 1 q  of the variable 
  =   Periodic component  
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INTRODUCTION   
 
 
1.1      Wave-current interaction  
 
The marine zone around the continents extending from the low tide line to the 
depth at which there is a marked increase of slope to a greater depth is known as the 
continental shelf (Figure 1.1). The shelf edge as shown in Figure 1.1 can be considered 
as the boundary of the continental shelf. Due to the shallowness of the continental 
shelf, the waters and sediment bottom of the continental shelf are much more strongly 








Figure 1.1. Schematic diagram showing continental shelf and major benthic depth 
zones in marine coastal area 
 
 
Blowing of wind over a large sea surface area, results in pressure fluctuations 
and shear stress variations at the water surface and this generates waves. Surface 
waves generated by winds in the open ocean eventually travel on as swell into shallow 
water. Depending on the size of the surface waves, they influence the shelf bottom at a 
greater or smaller distance from the coast. For example, large waves that are generated 
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in the Pacific and Southern Oceans can influence the bottom at very beginning of the 
continental shelf (shelf edge). Currents in the continental shelf are caused by wind 
stresses, river outflows, tidal motions, wave induced forces and horizontal density 
gradients associated with oceanic circulations. The movement of the tidal wave is 
accompanied by tidal streams. In general, tidal current velocities increase from the 
shelf edge towards the shore. Blowing of wind over water surface also generates 
current by exerting surface shear on the water surface. A longshore wind with the coast 
to the left in the Northern Hemisphere, for example, generates a longshore current and 
cross-shore sediment transport.  Therefore, these generating mechanisms of waves and 
currents can occur together, in arbitrary directions, random in space and time, resulting 
more complex wave-current interaction behaviour in the continental shelf.  
Many coastal processes on the continental shelf are governed by the interaction 
of waves and currents. On many continental shelves, re-suspension of sediments by 
energetic waves and currents is the dominant mechanism for sediment transport. Once 
sediment is suspended by waves, it is transported by currents that can redistribute 
sediment on the shelf. The along-shelf transport of suspended sediment during both 
fair weather and storm conditions is much higher than the across-shelf transport, as a 
result of stronger along-shore flows. Furthermore, the benthic habitats on the 
continental shelf  are also strongly influenced by exposure to the effects of surface 
ocean waves, tidal, wind and density driven currents. These processes combine to 
induce a combined flow bed shear stress upon the seabed which can directly influence 
organisms disturbing the benthic environment. Moreover, wave-current interaction 
with a tidally forced estuarine circulation plays a role in increasing the bottom friction 
experienced by the tidal current and in decreasing the water transport in the bottom 
boundary layer. Offshore wave energy can propagate towards the river entrance 
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interacting with the parallel current. The wave height decreases during flood ( waves 
are following the current) and increases dramatically during ebb (waves are opposing 
the current). The opposing current retards the advance of a wave and a following 
current enhances the advance of a wave.  
Not only coastal processes but also coastal practices are also influenced by the 
combined wave-current flow. For many coastal practices on the continental shelf 
(especially in the coastal zone), the effects by both waves and currents are considered. 
For example, in the design of offshore jackets both wave and current loadings are 
considered and marine structures undergo erosion of sediment around their bases due 
to scouring action of waves and tidal currents. Therefore a complete understanding of 
flow kinematics and bed dynamics under wave-current interaction is important and 
necessary to study the coastal processes on the continental shelves and also for the safe 
and proper design and construction of coastal structures like offshore jackets, 
pipelines, oil-rigs, break-waters, harbors and coastal related activities (beach 
nourishment, ocean disposal of wastewater) in shallow water. Therefore, during the 
past four decades many researchers have contributed experimentally and theoretically 
to the understanding of the wave-current interaction mechanisms. 
Extensive experimental data have been reported based on experiments 
conducted in wave-flumes for waves with following or opposing currents. Most of the 
flume experiments were conducted with concrete bottoms or artificially fixed beds to 
simulate the beds while few experiments were conducted for movable beds in wave 
flumes. Experimentally, many researchers have shown that the wave-current 
interaction is nonlinear. Therefore, two flows can not be treated separately. Hence, 
current alone or wave alone flow properties are significantly changed in the combined 
wave-current action. For instance, experimentally, it has been observed that the wave 
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lengths are increased and decreased in the presence of following and opposing 
currents, respectively and the turbulence restricted to a thin wave boundary layer in the 
pure wave flow is extended to upper layers by the presence of currents. Moreover, in 
the combined flow, currents experience an apparent roughness, which is greater than 
the physical bottom roughness and this results in different current velocity profiles in 
the wave-current flow and the current alone flow. Increase of flow roughness causes 
more resistance to the current flow and therefore close to the bed, in comparison to 
pure current flow, a reduced current velocity is expected in the combined flow. 
Therefore, comparison of flow properties in each flow (pure wave, pure current, wave-
current interaction) will provide the knowledge of how wave and current components 
influence each other on the combined wave-current flow. 
Although there have been many experimental investigations carried out in 
wave flumes for co-linear wave-current flow interactions at 00 and 1800 angles, they do 
not represent the real situation in the continental shelf in which waves and currents 
interact at arbitrary angles over a movable bed. Therefore, experiments in wave flumes 
will not provide the complete picture of wave-current interaction unless it is 
thoroughly validated that the interaction angle has no significant effect on flow 
kinematics and bed dynamics of the combined flow. Scarcity of available data on 
wave-current interactions at arbitrary angles is a major shortcoming on studies of 
wave-current flows to investigate how the interaction angles affect the flow. Unlike 
wave flumes, wave basins can be used to conduct experiments to investigate wave-
current interactions at any angle. But, uniform steady current flow conditions and 
uniform wave height conditions are difficult to be maintained in basins. The available 
experiments that have been carried out to investigate wave-current combined flow 
interactions at angles other than 00 and 1800 are very few and therefore, much of what 
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can be investigated for arbitrary wave-current interactions are based on theoretical 
models. 
  
Many theoretical solutions are available to describe current directional velocity 
in the combined flow and these predictions are mainly based on an eddy viscosity 
concept that assumes a specific form of eddy viscosity profile over the water depth, 
which is scaled by peak or mean stress in the wave cycle. Researchers assume a time 
invariant or time varying eddy viscosity with its distribution taken as a combination of 
uniform, linear, or parabolic profile. The eddy viscosity for a purely oscillatory motion 
is much more complicated than for a steady flow and this holds even more so for a 
wave-current interaction. Validity of these models will depend on the accuracy of the 
assumption of the eddy-viscosity distribution. Therefore, an investigation of the 
experimental velocity profile and eddy viscosity structure in the combined flow is 
important to understand the interaction mechanisms and to validate the theoretical 
models. However, many experimental investigations have been conducted in wave 
flumes which are capable of describing only wave-current parallel conditions and 
therefore there is a scarcity of experimental data for wave-current interactions at 
arbitrary angles to study the suitability of theoretical models, which describe wave-
current interactions at arbitrary angles.  
   
On the continental shelf, strong waves are commonly encountered and these 
waves affect the current component significantly. Knowledge of current velocity 
distribution, current associated bed shear stress and maximum bed shear stress in the 
combined flow is important to understand the sediment motion on the shelf. Generally 
in theoretical models, these parameters are computed by using maximum near bed 
wave velocities, current velocity at a reference height, wave-current interaction angle 
  6
and physical bed roughness height as input values. However, in the field, it is difficult 
to accurately find the bottom roughness height. One of the reasons for this difficulty is 
the dynamic effect of wave-induced turbulence near the sea bed. In addition, the 
changes in bed roughness elements and scales that may be caused by strong currents, 
biological activities and episodes of erosion and deposition make it difficult to evaluate 
the bottom roughness height. Therefore, in the field studies of wave-current flow, the 
physical bed roughness height is estimated based on the bottom geometry and this 
estimated value is used in theoretical models as an input parameter. Computations of 
wave-current parameters by using theoretical models are sensitive to the bottom 
physical roughness height. Therefore, suitability of theoretical models that are used in 
the field studies has to be thoroughly checked by comparing theoretical results with 
corresponding laboratory measurements in order to produce reliable ways to compute 
the physical bed roughness height before applying them in the field studies. For this 
task, data from well controlled laboratory experiments for arbitrary angle wave-current 
flows are necessary.  
 
On the other hand very few theoretical models are available to describe 
arbitrary angle wave-current flow (e.g., Grant and Madsen, 1979, 1986; Fredsǿe, 1984; 
Christoffersen and Jonsson, 1985; Myrhaug and Slaattelid, 1989, 1990) and most of 
them are applicable only in rough turbulent flow conditions and many are not suitable 
in the field conditions due to depth averaged current velocity based derivations. The 
theory of Grant and Madsen (1979) has been widely used in the field for wave-current 
investigations and the accuracy of its predictions, mainly near bed flow kinematics, has 
been validated to some extent with some field measurements (e.g., Grant et al., 1984; 
Drake et al., 1992) of current velocities and estimations of current shear velocities and 
apparent roughness heights. However, some field data are not compatible with the 
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predictions from Grant and Madsen’s (1979) model (Wiberg and Smith, 1983; Huntley 
and Hazen, 1988). The above explanation implies the necessity and importance of an 
accurate theory to describe near bed flow kinematics of wave-current interactions at 
any arbitrary angle and can be applied both on continental shelf studies and in 
laboratory experiments under any flow regime.    
 
 
1.2 Sediment transport 
 
One of the prominent features of wave transformation from deep sea to shallow 
sea is the refraction which is the consequence of the change in wave celerity as a 
function of water depth and wave period. Refracted waves change the direction of 
propagation such that wave orthogonals become more perpendicular to the coastline 
when they approach the shore while currents tend to be more or less parallel to the 
shore. Therefore, it is evident that as a gloss simplification longshore currents interact 
almost perpendicular to waves in shallow water and this perpendicular interaction 
influences the flow behaviour and longshore sediment transport, affecting many 
shallow water coastal constructions and activities. Generally, modes of sediment 
transport can be split into three parts i.e., bedload, suspended load and wash load. Very 
fine particles that do not remain on the bed, but are transported by water are quantified 
as wash load. The bedload is defined as the load of sediment that is transported with 
more or less continuous contact with the bed. This includes grains that roll, slide or 
jump along the bed. On the other hand, the sediment load that is forced by fluid drag 
and moving without continuous contact with the bed is defined as the suspended load. 
The sum of suspended and bed load accounts for total sediment load. Unlike bedload 
and suspended load, the knowledge of composition of bed materials does not support 
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quantitatively very small in comparison to total sediment load. Therefore, in laboratory 
modeling of sediment transport, this mode of transport is neglected or not simulated. 


















Figure 1.2. Illustration of fluid layers and bed features 
 
 
Under the combined wave-current flow, the water depth can be mainly divided 
into wave-current boundary layer, upper layer and surface layer (Figure 1.2). In the 
immediate vicinity of the bottom, the wave-current boundary layer exists and in this 
layer, both waves and currents contribute to turbulence. Above this region, the 
turbulence is associated only with currents. Pure currents create weak sediment 
suspension in the upper layer but they can transport the sediment in the flow direction. 
In contrast, pure waves are capable of suspending the sediments but they produce 
much less net sediment transport. However, in the combined wave-current process, 
sediments are suspended by waves and transported by currents, resulting much greater 
sediment transport in comparison to the sediment transport under pure waves or pure 
currents. A similar sediment transport process is observed in the near shore region 
where both waves and currents are important in determining the sediment budget and 
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therefore in the study of longshore sediment transport, attention of wave-current 
perpendicular interaction is necessary.  
 
In the wave-current interaction, the total sediment transport can be divided into 
current-related and wave-related sediment transport. Oscillating fluid motion (orbital 
velocity) governs wave-related sediment transport, while current-related sediment 
transport is defined as the transport of particles by the time-averaged current velocity. 
When regular non-breaking waves propagate perpendicular to steady currents, the 
current-related sediment transport becomes dominant and more or less symmetrical 
wave motion yields negligible net sediment transport in the wave direction.  
 
It has been observed in wave flume experiments that the sediment suspension 
by pure waves is increased by the action of currents and therefore suspended sediment 
load is increased in the combined flow. This may hold true for other arbitrary angles 
wave-current interactions. However, the limitation of experimental data for wave-
current interactions at arbitrary angles restricts not only examining the bed dynamics 
but also investigating the sediment suspension and suspended and total sediment 
transport rates. This also prevents the validation of few theoretical models (Bijker, 
1971; Van Rijn, 1990; Ackers and White, 1973) that are available for describing 
sediment suspension and transport under the wave-current perpendicular interaction.  
 
In the investigation of longshore sediment transport, the bed dynamics play a 
major role in the combined flow. In pure waves, near bed maximum wave velocity, 
amplitude of near-bed wave orbital motion and bed material size govern the bed 
formation i.e., whether the bed is plane with sheet flow condition or ripples are 
formed. A vortex is formed in the lee of each crest in the formation of vortex ripples. 
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When the sediment transport rate increases, the original 2-D formation of vortex 
ripples becomes progressively three dimensional. Therefore, in wave-current 
perpendicular interaction, the bed formation is more complex and 3-D formation of 
ripples is expected. Therefore, the study of bed geometry and its formation in the 
combined flow could provide clues on understanding complex near-bed interaction 
mechanisms.   
 
The seabed is covered with ripples, bars, and dunes especially in the nearshore 
region. Ripples influence the boundary layer structure and therefore high turbulence 
occurs near the bed. Hence ripple geometry influences the sediment transport rate. For 
example, vortices formed in the ripples are able to trap sand grains and carry them 
above the bed (Figure 1.2) resulting more sediment suspension in comparison to a 
plane bed condition and the presence of even weak currents can easily transport this 
sediment. In the combined wave-current flow, the presence of 3-D ripples pattern 
governs the complex sediment suspension process and bed resistance to the current 
flow.    
 
The concept of effective sand roughness was introduced by Nikuradse (1953) 
for simulating the roughness height of arbitrary roughness elements in the bed. In the 
case of a movable bed, the effective bed roughness is the sum of grain roughness 
generated by skin friction forces and form roughness developed by the pressure force 
acting on the bed forms. For arbitrary ripple geometry, when ripple length is smaller 
than the peak value of the orbital excursion of the bed, form roughness becomes 
dominant for both current-related friction and wave-related friction. Many researchers 
have observed both experimentally and theoretically, that in combined flow, the 
overall roughness experienced by the currents which is treated as apparent roughness is 
  11
larger than the physical bottom roughness. Relative strength of the wave and current 
motion determines the length scale of apparent roughness. The apparent and physical 
bottom roughness in the combined flow could be related to height and steepness of 
ripples. This can be determined experimentally with the measurements of water 
surface slopes or near bed current directional velocity profiles under the combined 
wave-current flow. Similarly, a flow of pure current over a rippled bed, which is 
formed by pure wave or combined flows determines the physical bottom roughness 
provided that the stratification due to sediment suspension is negligible.  
 
With the explanations above (Section 1.1 and 1.2) it is clear that experimental 
measurements of flow behaviour, bed dynamics, suspension properties and sediment 
transport rate under pure wave, pure current and wave-current interaction over flat 
concrete and movable rippled sand bed are required to provide an improved 
understanding of the complex non-linear wave-current interaction mechanisms.  
However, due to the limitation of experimental facilities especially wave basins and 
difficulty of generating and controlling the required wave and current flows in wave 
basins, only very few experimental data are available for wave-current flow 
interactions at arbitrary angles in comparison to flume experimental data which 
describe only following or opposing currents with waves. Physically modeling the 
wave-current orthogonal interactions in wave flumes by mechanical means of bed 
oscillation perpendicular to current flow direction could not reproduce the exact 
conditions prevailing in the sea. This implies that there is a clear need of well 
controlled, appropriate modeling of sea states for experimental investigations on 
orthogonal wave-current flows.   
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As reported in the literature review, only very few experimental basin data are 
available for arbitrary wave-current interactions. Moreover, the accuracy of these data 
is doubtful due to experimental constraints like artificially fixed beds, narrow current 
channels, and limitations of instrumentations. Additionally, due to lack of 
experimental investigations on wave-current interaction, theoretical models describing 
wave-current at arbitrary angles interaction also lack validation and therefore 
modifications to improve the theoretical models remain unclear and this has prevented  
the better understanding of interaction mechanisms. For example, current directional 
mean velocity in the orthogonal wave-current flow can be compared with theoretical 
predictions and their compatibility can be further checked with the eddy viscosity 
structure of the combined flow. Therefore, modification of the assumptions may be 
possible based on the theoretical and experimental comparisons. Measurements of bed 
form geometry also could be related to the physical and apparent roughness height 
experienced by the pure current and the combined flow, respectively. Reduction of 
near bed pure current velocity by the presence of waves as predicted in many 
theoretical models can be checked by direct measurements of bed forms and by 
indirect measurements of flow roughness scales. Moreover, the prediction of longshore 
sediment transport under the combined wave-current flow remains a basic problem in 
ocean environment due to the complex nature of the sea states. Earlier experimental 
methods of sediment suction for sediment suspension measurements have not been 
very accurate due to the problem of selecting exact position of the suction sample. To 
the author’s knowledge, there is no experimental investigation on direct, simultaneous 
measurements of sediment suspension and total sediment transport for the wave-




1.3 Objectives  
 
The overall objective of the study was to undertake an experimental 
investigation of flow kinematics and bed mechanisms under wave-current 
perpendicular interaction by a suitable construction of a physical model set-up in a 
wave basin. Moreover, this study was conducted to compare the results with 
theoretical predictions which lack validation due to scarce experimental data for waves 
and current interacting at an angle. This is in contrast to the many available flume 
experiments that represent 00, 1800 wave-current parallel flow. A further objective is to 
develop a theoretical model to describe arbitrary angle wave current interaction based 
on time varying bed shear stress of the combined wave-current flow.    
 
More specifically the main objectives of the study are; 
 
 1 To construct a physical model in a 3-D wave basin to reproduce, as nearly as 
possible, the nature of wave-current perpendicular interaction by generating 
steady shearing currents to interact with waves propagating in a direction 
orthogonal to the current over fixed and movable beds through a large 
interaction area and to obtain undisturbed flow conditions in the basin by 
minimising the side wall, wave reflection and cross-wave effects.   
 
 2 To conduct extensive experiments for the three cases of pure current, pure 
wave and combined wave-current orthogonal flows to measure three directional 
velocity profiles, free surface profile distributions, bed form geometry and 
current directional total sediment transport using available laboratory facilities 
and by providing suitable experimental arrangements.  
  14
   3 To study the effects of the waves on the currents by comparing the changes of 
experimental measurements of current directional mean velocities, bed shear 
stresses and bottom roughness scales. Also, on the other hand, to study the 
effects of the currents on the waves by comparing the changes of wave lengths, 
sediment transport and bed ripples geometry.  
 
4 To investigate the suitability of theoretical models of Fradsǿe (1984), Grant 
and Madsen (1986) and Christoffersen and Jonsson (1985) for describing 
arbitrary angle wave-current interaction, based on experimental measurements 
of current directional mean velocity profiles, estimations of mean bed shear 
stresses over a wave period and apparent flow roughness scales. To propose 
suitable modifications to these models for the case of 900 wave-current flow.      
 
5 To develop a new theoretical model, that can be applied in both laboratory 
experiments under any flow regime and on continental shelves, based on the 
time varying bed shear stress diagram of wave-current flow to describe any 
arbitrary angle of wave-current interaction to compute current velocities, 
current associated bed shear stress, maximum bed shear stress in the combined     
wave-current flow and apparent roughness height experienced by the current 
flow in the wave-current motion. To validate the new model with laboratory 
experiments and field measurements obtained from the literature.  
 
6 To investigate bed formation geometry under pure waves and combined wave-
current flow by measuring the bed profile along and across the basin and to 
relate physical and apparent bottom roughness to ripple height, length and 
steepness.  To compare the changes of physical bottom roughness experienced 
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by pure current flow over pure wave formed ripples for cases when current 
flow was (a) parallel and (b) orthogonal to ripple crests. 
 
 
1.4 Outline of the thesis 
At the beginning of a chapter and in most subsections, its content is 
summarised. Chapter 2 brings up a thorough review of combined wave and current 
studies. Chapter 3 and Chapter 4 detail the accuracy of both instrumentations and set-
up of the physical model that was constructed in the 3-D wave basin. Experimental 
results and discussions are given in Chapters 5, 6 and 7. Chapter 5 is for experimental 
runs over the fixed bed and Chapters 6 and 7 are for the experimental runs over the 
movable bed. Chapter 8 details the development of a new theory to describe arbitrary 
angle wave-current flow and Chapter 9 validates this model both with the field 
measurements and laboratory experiments. Last Chapter concludes the research with 
summary of work, methods and main findings. Potential avenues for future research 









This chapter primarily contains a thorough review of past work done on the 
problem of wave-current interaction. Theoretical developments, laboratory 
investigations and field measurements of the combined wave-current flows are 
separately reviewed in the following sub sections. 
 
 
2.1     Theoretical work on combined wave-current flow 
 
 Waves in a coastal environment generally co-exist with currents. Nonlinear 
wave-current interaction modifies both current and wave flow properties and much of 
what is known about wave-current interaction mechanisms is based on models. Eddy 
viscosity model used to bridge the Reynolds stress with mean properties. Eddy 
viscosity models are the most popular models because of their simplicity of defining 
the relationship between the velocity field and the shear stresses.  However, eddy 
viscosity for a purely oscillatory flow is much more complicated than that of a steady 
flow, and this holds even more so for the combined wave-current flows. Wave-current 
eddy viscosity distribution is assumed to be distributed within two or three layers 
(Figure 2.1) describing flow properties of the combined wave-current flow. Other main 
classes of theories available for the combined wave-current flows are based on mixing 
length distribution, momentum-deficit integral and turbulent kinetic-energy closures. 
Although many theoretical models are available to describe wave-current interaction, 
they are not thoroughly validated for all interaction angles, other than for 00 and 1800, 
due to lack of experimental data.  
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 In the combined wave-current flow, pure wave turbulence restricted to wave 
boundary layer will be extended to upper layers by action of currents and both waves 
and currents contribute to the turbulence of the combined flow boundary layer and this 
implies the modification to the pure current velocity by the presence of waves. The 
variation is characterised by eddy viscosity distribution, treating the time average 
values of flow parameters over one wave cycle, which leads to time-invariant eddy 
viscosity assumptions while instantaneous flow properties considerations in model 
developments hypothesize the time varying eddy viscosity distribution under the 
combined wave-current flow. Many of the past theoretical works on the wave-current 
interaction have been studied based on the concept of time-invariant distribution of 
eddy viscosity. However, Lavelle and Mofield (1983), Trowbridge and Madsen (1984) 





















Figure 2.1. Schematic illustration of time-invariant eddy viscosity distributions 
assumed by previous researchers for combined wave-current flow. C&J(1), C&J(2): 
Christoffersen and Jonsson (1985) model 1 and 2 respectively; G&M: Grant and 
Madsen ( 1979); M&S: Myrhaug and Slaattelid (1989); S: Sleath (1991). wcδ  denotes 
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2.1.1 Flow kinematics  
2.1.1.1 Analytical solutions (wave effects on currents) 
 The first rational approach was given by Lundgren (1972) to describe       
wave-current co-directional and perpendicular flows. Lundgren (1972) reported the 
effect of different boundary layer scales but treated the interaction to be linear. The 
first model to characterise nonlinear interaction was introduced by Smith (1977). Here, 
above the boundary layer, the eddy viscosity was scaled by the current shear velocity 
while within the boundary layer it was scaled by the sum of wave and current shear 
velocities. However, above models are not capable of describing wave-current flow at 
arbitrary angles.  
 
 Increase in pure current experienced roughness (apparent roughness) by the 
presence of waves and thus reduction of near bed pure current velocities is first 
theoretically modeled by Grant and Madsen (1979) for rough bottoms and this fact is 
validated by almost all the rough bottom experiments. This is also the first model, 
which describes arbitrary angle interaction of waves and currents and this model 
concentrated on the near bottom flow and assumed time-invariant, linearly varying 
eddy-viscosity closures (Figure 2.1) within and outside wave-current boundary layer. 
This model is widely used in the wave-current field studies. Most of field 
measurements (Drake and Cacchione, 1992; Cacchione et al., 1987; Drake and 
Cacchione, 1986; Grant et al., 1984) show a good compatibility between this theory 
and measurements.  However, this model has some weaknesses. The definition of 
friction factor is somewhat awkward and it makes an introduction of a friction 
reference velocity at a unknown level, the thickness of wave-current boundary layer is 
rather arbitrary and model is only valid for large values of 0 nu k ω  where 0u  is the 
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near bed maximum wave velocity, nk  is the Nikuradse roughness of the bed and ω  is 
the wave angular frequency.   
 
 Following the Grant and Madsen (1979) model, which isbased on time-
invariant eddy viscosity distributions, few models (Christoffersen and Jonsson, 1985; 
Grant and Madsen, 1986; Myrhaug and Slaattelid, 1989, 1990) have been developed to 
describe arbitrary angle wave-current interactions. Due to non-linear complex flow 
behaviours of arbitrary angle wave-current interaction and due to scarcity of supportive 
experimental evidence, the theoretical modeling of arbitrary angle wave-current flow 
becomes more difficult. All these three models involve an iterative calculation 
procedure to find ,c wcu∗ ,  ,wcm wcu∗ , 0az  and  time averaged current velocity ( ,c wcu ) in the 
combined wave-current flow at height z  above bottom is given by; 










⎛ ⎞= ⎜ ⎟⎝ ⎠
         for               0 wcz z δ≤ ≤           (2.1) 
   







∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠
              for                wcz δ≥                (2.2) 
where ,c wcu∗  and ,wcm wcu∗  are friction velocities associated with current shear stress and 
maximum bed shear stress of the combined wave-current flow, respectively. 0z , 0az , 
wcδ  and κ are physical bottom roughness height, apparent bottom roughness height, 
thickness of wave-current boundary layer and Von Karman’s constant ( 0.4= ), 
respectively. 
 Christoffersen and Jonsson (1985) assumed two eddy viscosity distributions 
(Figure 2.1) for “small” and “large” roughness. Both describe the rough turbulent flow 
conditions and this model is validated with co-parallel wave-current experiments 
(Kemp and Simons, 1982, 1983; Bakker and van Doorn, 1978) but the model constants 
seem to be depending on wave-current interaction angle (Sleath, 1990). However, this 
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model calculation avoids the reference velocity and elliptic integrals that are practiced 
in Grant and Madsen’s (1979) model. Grant and Madsen’s (1986) model is the 
simplified prediction method of earlier model (Grant and Madsen, 1979). Grant and 
Madsen’s (1986) theory suggested a range of values for wave-current boundary layer 
thickness and the model was not thoroughly validated due to lack of qualitative 
experiments. But Madsen and Wikramanayaka (1991) showed that Grant and 
Madsen’s (1986) predictions are more reliable in comparison to predictions by Smith’s 
(1977), Tanaka et al.’s (1983) and Davies et al.’s (1988) theories by comparing model 
results to experiment data (Jonsson, 1966; Bakker and van Doorn, 1978). Madsen 
(1994) extended the underlying concepts of the Grant and Madsen’s (1986) model to 
spectral wave and current boundary layer flows. Sleath (1991), who avoided the 
division of eddy viscosity in wave and current boundary layers (Figure 2.1), noted that 
velocity profiles did not depend on the orientations of waves and currents. This was 
because the wave-generated turbulence was assumed to be independent of steady 
currents. Formulations for velocity distribution and friction factor by Sleath (1991) are 
considerably simpler than most of the existing models. The above discussed models 
(Christoffersen and Jonsson, 1985; Grant and Madsen, 1986; Sleath, 1991) on wave-
current flow interactions at arbitrary angles are only applicable for rough turbulent 
flow conditions. Continental shelves flows are generally rough turbulent and also most 
of experimental investigations have been carried out for rough turbulent conditions. 
The first solution for arbitrary angle wave-current interactions over any flow regime 
(rough, transition, smooth) was derived by Myrhaug and Slaattelid (1990). This model 
is the improvement of previous theory (Myrhaug and Slaattelid, 1989) that used three 
layer eddy viscosity assumption to characterise wave-current flow over rough beds. 
Myrhaug and Slaattelid (1990) suggested that for engineering applications, smooth 
turbulent flows also could be treated as rough turbulent flows.   
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 Although near bed wave-current flow is properly predicted (logarithmic current 
flow, mean and maximum bed shear stresses) by above theories, these theories fail to 
model near surface current velocity distributions, which deviate from log law. There 
are many experimental evidences (Bakker and van Doorn, 1978; Kemp and Simons, 
1982; Van Rijn and Havinga, 1995; Fredsǿe et al., 1999) to support that the current 
profile does not follow the logarithmic distribution very close to the free surface. At 
this region current velocities decreases towards the free surface. To explain this 
phenomenon, researchers used different approaches like momentum exchange concept 
in the combined flow, separation of current and wave experienced eddy viscosities and 
consideration of upper layer parameters that significantly influence the eddy viscosity 
structure of the combined flow. The first approach was made by You et al. (1991) by 
splitting instantaneous velocity into mean, periodic and fluctuating components and 
applying them in Navier-Stokes equations to characterise the combined flow. It is 
noted from this study that the eddy viscosity, which applies to currents was different 
from the eddy viscosity, which applies to waves. Similar approach was taken by 
Nielsen (1992) to find out whether the wave Reynolds stress ( uwρ−   ) plays an 
important role in the deviation of current profiles from logarithmic distribution in the 
presence of waves. Effect of wave Reynolds stress ( uwρ−   ) on current profile also has 
been further studied by You (1996) for non-breaking wave-current flow over 
horizontal bottom and the same conclusion by Nielsen (1992) was drawn. Based on the 
generalised Lagrangian mean (GLM) formulation, Groeneweg and Klopman (1998) 
and Groeneweg and Battjes (2003) developed 1DV and 2DV (lateral) models, 
respectively. They described near surface current flow of combined flow that deviated 
from log law. Recently, Yang et al. (2005) theoretically investigated the reasons for the 
deviation of measured velocity profile from the log-law. Using the simplified mixing 
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length hypothesis, the Reynolds equation was solved for the combined wave-current 
flow. Yang et al. (2005) observed that not only wave Reynolds stress but also 
momentum driven by secondary flow was responsible for the deviation of measured 
velocity profile from the log-law.                
 
2.1.1.2 Numerical models (wave effects on currents) 
 Other than the eddy viscosity concepts, mixing length distributions and 
turbulent kinetic-energy closures are used to model the combined wave-current flow. 
Davies et al. (1988) adopted a numerical model of oscillatory rough turbulent 
boundary layer flow. In this model, governing horizontal momentum equation has 
been solved on the basis of the eddy viscosity determined from the turbulent energy 
equation. Huynh-Thanh and Temperville (1991) used both mixing length and eddy 
viscosity. Additionally, sources and sinks of turbulent kinetic energy were also 
accounted to develop a numerical model. Starting from the Prandtl’s hypothesis 
(mixing length), Bakker and van Doorn (1978) and Kesteren and Bakker (1984) 
reported numerical models for wave-current flow. With a rather different approach, a 
model was proposed by Fredsǿe (1984) by using the momentum defect method. This 
theory was developed by applying the equation of momentum in the boundary layer 
and assuming the velocity profile to be logarithmic. Although this model was 
developed for arbitrary angle interactions, it was only checked with the co-parallel 
current experiments.  
 
2.1.1.3 Surface Parameters of combined flow 
 Study of change of pure wave parameters in the presence of current is also 
important in understanding the wave-current interaction mechanisms. For example, 
there are experimental evidences (Thomas, 1981; Brevik, 1980; Simons and Maclver, 
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2000) for change in surface parameters (wave height, wave length, phase shift of water 
surface with horizontal velocity component) due to addition of currents. Uniform 
current, current possessing a constant vorticity or specific current profile can be 
assumed to model the effects on surface parameters by action of currents. In the case, 
that many mechanisms are considered simultaneously (such as coastal area models), 
simplification of constant current approximation makes reasonable modeling of the 
wave-current flow. Further, in many practical cases the current profile can be assumed 
to be approximately uniform with depth; examples are large-scale ocean currents and 
the majority of tidal flows.  
 
 Hedges and Lee (1992) introduced the concept of “equivalent uniform current” 
in wave-current computations. This idea is sensible for engineering applications but 
this approach fails when very strong narrow vorticity layers are present. An analytical 
solution was proposed by Swan and James (2001) to characterise the surface 
parameters. This model is different from existing irrotational model and highlighted 
the importance of near-surface vorticity distribution. This model is only suitable for 
relatively weak current interaction, but vorticity distribution effect was considered 
particularly considering practical importance of sea swell propagation on a wind driven 
current.  
 
 For interaction between strongly shearing currents and waves, Swan (1992) 
presented an alternative approach to the arbitrary profile problem. With the coefficient 
chosen to provide the strong shear at the free surface, a solution was presented for a 
linear wave with a current which was approximated by a fourth order polynomial. 
Baddour and Song (1990a, 1990b) derived both second and higher order solutions to 
describe surface parameters in co-parallel wave current flows and these predictions 
agree well with the experimental data of Thomas (1981).  
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2.1.2  Bed dynamics  
2.1.2.1 Bed shear stresses and flow regimes 
 The boundary layer of the combined wave-current flow undergoes nonlinear 
interactions. Turbulent generation is a non-linear phenomenon in the wave-current 
boundary layer and each flow affects each other because they are dominated by 
turbulence shear-stresses. This has the effect of enhancing mean ( , ,b c wcτ ), maximum 
( ,b wcτ ) and oscillatory shear stresses of the combined action of waves and currents. 
Combined flow produces a shear stress which is not steady or sinusoidal that is 
expected in current and wave alone flows, respectively (Figure 2.2). Mean and 
maximum bed shear stresses of combined flow are important in sediment transport and 
ripple formation processes. The threshold of motion and entrainment of the sediment 
are determined by the maximum shear while the current velocity and the diffusion of 
suspended sediment into the upper part of the flow are determined by the mean shear 
of the combined flow. With reference to friction velocities these shear stresses are 
defined as 
2
,b wcτ  2 2, , , , , , , ,2 cosb c wc b w wc b c wc b w wcτ τ τ τ φ= + +        (2.3) 
, ,b c wcτ  2,c wcuρ ∗=                       (2.4) 
,b wcτ  2,wcm wcuρ ∗=  ( ) 200.5 wcf uρ=           (2.5) 
where , ,b w wcτ , wcf  and φ  are maximum wave associated bed shear stress in wave-
current flow, friction factor associated with the maximum bed shear stress of the 
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Figure 2.2. Schematic diagram of bed shear stress variation in pure current, pure wave, 
combined wave-current flow. ,pc pwτ τ  : Bed shear stress of pure current, amplitude of 
pure wave bed shear stress respectively. Adopted from Soulsby et al. (1993) 
 
 
 Prediction of friction velocities (mean and maximum bed shear) enables to 
estimate shear stresses of the combined wave-current flow. Analytical models 
discussed in Section 2.1.1.1 possess iterative procedures on calculation of friction 
factors (or friction velocities) in the prediction of bed shear stresses. There are also 
other theoretical studies on estimating only friction factors (Tanaka and Shuto, 1981; 
O’Connor and You, 1988; Tanaka and Thu, 1994).  
 
Many authors have proposed flow criteria for pure wave and pure current to 
separate flow regimes. But for wave-current interaction very few criteria are available. 
In pure current, for transitional smooth-to-rough turbulent flow the roughness 
parameter can be treated as; 









⎧ ⎫⎛ ⎞= − − +⎨ ⎬⎜ ⎟⎝ ⎠⎩ ⎭
        (2.6) 
   
Here, ,cu υ∗  are pure current bed shear velocity and kinematic viscosity respectively. 
Magnitude of n ck u υ∗  determines the flow regime. To determine the flow regimes 
under wave-current interaction, cu∗  can be replaced either by maximum ( ,wcm wcu∗ ) or 
mean ( ,c wcu∗ ) bed shear velocity during a wave cycle. This concept was used by 
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Tanaka and Shuto (1984a) and Myrhaug and Slaattelid (1990). However, experimental 
estimation of ,wcm wcu∗  is difficult and therefore only theoretical models can compute 
,wcm wcu∗ . Therefore, with the use of ,c wcu∗ , the flow regimes under the combined wave-
current flow are separated as  smooth, transition and rough turbulent according to   
, 5c wc nu k ν∗ < , ,5 70c wc nu k ν∗< <  and , 70c wc nu k ν∗ > , respectively.  
 
2.1.2.2 Ripple geometry and sediment motion 
 Ripple formation process under the wave-current flow is completely different 
from 2-D ripple formation under pure wave flow. Near bed sediment carrying vortex 
(before it brakes) travels in the third direction (current direction) in the combined 
wave-current action and thus ripple pattern is not two dimensional like under pure 
wave and in most of the cases this shows serpentine or honeycomb pattern (Young and 
Sleath, 1990; Andersen and Faraci, 2003). However, co-linear wave-current flow 
generates crest parallel ripples but these are not symmetrical (Nieuwjaar and van Kaaij, 
1987). Although some experimental observations are reported, there are only very few 
predictions for ripple geometry under the combined wave-current flow and all these 
are empirical formulations. First prediction was given by Tanaka and Shuto (1984b) 
for 00 and 1800 wave-current flow by accounting the experimental measurements. But 
data from Van Rijn et al. (1993) showed considerable discrepancy from this formula. 
Noting the insufficient consideration of the grain size effect in the previous study, 
Tanaka and Dang (1996) modified the Tanaka and Shuto (1984b) empirical equation to 
better predict the experimental measurements. Recently, new empirical formula has 
been proposed by Khelifa and Ouellet (2000) based on wave-current mobility 
parameter to estimate combined flow geometry. Li and Amos (1998) also came up 
with an empirical equation suitable for field conditions.    
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 The quantification of sand transport rates in the coastal environment is a key 
element in the prediction of seabed changes and coastline evolution. However, large 
gaps remain on the knowledge of sediment transport process, which occurs under 
combined effect of wave and current flow. Shields threshold criterion has been 
modified to describe the threshold of oscillatory and wave current flow and this has 
been validated with lab experiments (Miller et al., 1977; Nowell et al., 1981) and field 
measurements (Drake and Cacchione, 1986; Larsen et al., 1981). In the event of a 
threshold condition, to calculate the maximum bed shear stress under the combined 
flow, generally authors use Grant and Madsen’s (1979) model and check with 
modified Shield criterion which is described in terms of  
ψ  ( ), 50b wc s gdτ ρ ρ= −          (2.7) 
R∗  , 50wcm wcu d ν∗=                      (2.8) 
where, 50d , g , ρ and sρ  are median sediment particle size (units in m ) , acceleration 
due to gravity (units in 2ms− ) , fluid, sediment densities (units in 3kgm− ) respectively. 
 
 Assuming that sediment concentrations are low enough such that particle 
interaction can be neglected (no stratification), the (mean) motion of sand grains in 
suspension is assumed to be identical to that of the fluid apart from their settling 
velocity ( sw ), and the vertical distribution of the suspended sediment and transport 
rate are modeled on the basis of sediment continuity equations given as 
s s
c c w c
t z z
ε∂ ∂ ∂⎛ ⎞= +⎜ ⎟∂ ∂ ∂⎝ ⎠             (2.9) 





q c z u z dz= ∫                  (2.10) 
where c  and u  are sediment concentration and current velocity at a height z  above 
from the bottom. sq  is the suspended sediment transport rate, sε  and az  are the 
sediment diffusivity and reference concentration elevation. In many theoretical models, 
  28
sε  is modeled to account both wave and current action. Reference height is arbitrary 
and depends on the author’s classification. Researchers treat that this height to be one 
to two times grain median diameter or physical bottom roughness height and in a 
ripple bed this is taken as half to three times ripple height and this height separates the 
suspended and bed load layers. Therefore, almost all the wave-current models that 
describe sediment transport and suspension, are empirical or semi-empirical.  
  
Bijker (1967, 1971) presented a method to compute sediment suspension and 
transport under the combined wave-current flow. In this method, the wave related 
transport rate was not taken into account and therefore the method is mostly valid for 
orthogonal wave-current flow. Moreover, this model was developed for sheet flow 
condition but with appropriate selection of a bed roughness height. The method also 
can be used for rippled beds (Van Rijn and Havinga, 1995; Davies and Villaret, 2002) 
and it has been used in the field applications (Davies and Villaret, 2002; Davies et al., 
2002). Ackers and White (1973) by considering a transporting power approach (work 
done in moving sediment is the product of the power available to move the sediment) 
proposed an equation to predict sediment load under the combined flow. Fredsǿe et al. 
(1985) developed a mathematical model to describe space and time variation of 
suspended sediment under the combined flow. This theory predicts the case of plane 
bed and covers 3-D interaction of waves and currents. With the consideration of wash 
load, this theory better accords with some field measurements. Fredsǿe et al. (1985) 
noted that at a given distance from the bed, the time variation of sediment 
concentration was asymmetric. They also observed the increase in phase shift between 
peak concentration and maximum bed shear stress with the increase in distance from 
the bed. Nielsen (1992) proposed a simple exponential sediment distribution model for 
the wave-current flow over a rippled bed. Determination of ripple parameters and 
  29
iterative procedure for bed shear velocity and then computation of suspended sediment 
transport were described in this theory. Li and Davies (1996) developed a one-
dimensional, vertical grid model to predict sediment transport rate in the combined 
wave-current flow. One-equation turbulence closure scheme was used to simulate 
vertical mixing process and time-varying reference concentration. They demonstrated 
the importance of the wave-related concentration to the net sediment flux, which 
depended on the phase relationship between time varying horizontal velocity and 
sediment concentration field. For rippled beds, Soulsby (1997) proposed an empirical 
equation to quantify total load transport with computations separated for bed load and 
suspended load. Van Rijn (1989) also presented equations to predict sediment 
suspension and transport under ripples or plane bed conditions. In this model, the 
sediment mixing coefficient was treated in two layers separately for pure wave and 
pure current. In wave-current interactions, the coefficients for pure waves and pure 
currents were combined together. This suspension profile showed a good compatibility 
with co-linear wave-current experiments (Nieuwjaar and Kaaij, 1987; Nap and 
Kampen, 1988). But this was not validated for arbitrary angle wave-current flows.  
 
 In large suspensions of particles by wave-current flow, self-stratification could 
occur and therefore, the assumption of sediment particle velocity is equal to fluid 
velocity may become unrealistic. Smith and McLean (1977) were the first to consider 
stratification due to sediment suspension in geophysical flows. This consideration was 
further studied by Glenn and Grant (1987) to modify the Grant and Madsen (1979) 
wave-current model. Glenn and Grant (1987) solved the unsteady conservation of fluid 
momentum and sediment mass equation (coupled through eddy diffusivity closure 
scheme) simultaneously to obtain current velocity profile, suspended sediment 
concentration and transport profiles. They found that above the wave boundary layer 
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the vertical extent of the stratification was self limiting. Wiberg and Smith (1983) also 
investigated the effects of stratification by analysing wave-current field data. McLean 
(1991) noted that there is a little effect on mean and maximum wave-current combined 
flow stresses due to stratification. However, the change of velocity and sediment 
concentration profiles and phase shift of the oscillatory boundary stress by 
stratification were found to be significant.   
 
2.2 Laboratory Experiments 
 Experimental studies of the combined wave-current flows are important 
because there are many gaps to be investigated under the combined flow. Due to 
complexity in the interactions many mechanisms of wave and current interactions are 
not yet completely known. Furthermore, still these interactions are either not properly 
modeled or difficult to be modeled theoretically. However, it is difficult and expensive 
to conduct experiments on wave-current flows and these experiments require good 
facilities and careful experimentalists if many pitfalls are to be avoided. 
  
 Most of the past experiments reported in the literature are conducted in wave 
flumes reproducing only co-linear (following or opposing currents with waves) flows. 
It is very difficult to reproduce the actual coastal environment of wave-current flows 
using a physical set-up in the laboratories mainly due to boundary effects and difficulty 
in simulating proper bed conditions and generating required flow conditions (specially 
when wave action is arbitrarily angling currents). Most of the measurements are 
reported in the region above the wave-current boundary layer mainly due to lack of 
good instrumentations. But the upper layer measurements provide some clues on the 
understanding of boundary layer flows. Despite all these drawbacks, fortunately there 
are several well controlled good experiments that have been conducted during past two 
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decades to understand some mechanisms of complex wave-current flows but many of 
them are for co-linear wave-current flows.   
  
2.2.1 Co-linear wave-current flow experiments 
 The earliest experiment to provide reliable bed stresses data of the combined 
flow was completed by Bakker and van Doorn (1978), who also measured near bed 
velocity profiles. These data have been used to develop theoretical models to predict 
bed shear stresses. Three major experimental programmes (Brevik and Aas, 1980; 
Brevik, 1980; Kemp and Simons, 1982, 1983) were reported in early 1980’s that were 
conducted in wave flumes for combined wave current flows and these experiments 
have set the pattern for future studies. Brevik and Aas (1980) generated both following 
and opposing currents with waves. They observed the effect of ripple bed on 
attenuation of waves on homogeneous currents and the effect was used in 
determination of friction factor of combined flow system. Later, the same experiment 
was conducted by Brevik (1980) by only replacing the bed with plate of solid metal to 
simulate a smooth bottom. Another complete study was reported by Kemp and Simons 
(1982, 1983). In this study, particular attention was given to the near-bed layer. These 
experiments covered both opposing and following currents with waves over rough 
(artificially rippled) and smooth bottoms. Mean shear stresses deduced from 
logarithmic mean velocity profiles were found to be increased by the addition of 
waves, as was the apparent bottom roughness felt by the mean flow. They observed 
that the near bed velocities (for rough bed) of pure current were reduced while near 
bed turbulence (rough and smooth) intensities were increased by presence of waves. 
Thomas (1981) also conducted an experiment for wave-current co-linear flow (adverse 
current) and measured wave length, wave height and current velocity distributions. 
Considering that the strongest shear occurs near the water surface, greater density of 
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velocity measurements were taken at this region. Mathisen and Madsen (1996a, 1996b) 
also conducted a series of experiments for regular waves interactions with currents to 
verify the use of single bottom roughness length for waves and currents over a fixed 
ripple (rough) bed. The first paper dealt with estimating the roughness experienced by 
waves alone and waves with addition of currents while the second paper aimed on 
finding the roughness experienced by currents in the presence and absence of waves. 
Mathisen and Madsen (1999) extended their first two experimental studies to spectral 
wave interaction with currents. Results of this experiment suggested that single 
roughness scale can be used in conjunction with Madsen (1994) model. However, they 
emphasized the necessity of more experiments to support this conclusion.    
 
 All the above studies were restricted to near-linear regime and wave effects 
higher than second order were not considered. The wave regime, which was more 
suitable to higher order wave theories, was experimentally simulated to study the 
interaction between following and opposing currents by Swan (1990). For the case of 
strongly sheared currents (adverse), this experimental measurements indicated the 
importance of higher order solutions. Non-linear waves interaction with currents in 
wave flumes also have been studied by several researchers (Skyner and Easson, 1992, 
1998; Simons and Maclver, 2000). These experiments mainly deal with the effects of 
pure wave parameters (surface parameters) by the presence of currents. Stability 
problems occur with these very high waves and this is a major difficulty associated 
with laboratory studies of current and very steep waves.  
Some other quite extensive researchers (Asano et al., 1986; Supharatid et al., 
1992; Fredsǿe et al., 1999) also experimentally contributed to the understanding of 
flow behaviours of wave-current co-linear flows in wave flumes. However, 
experimentally little research has been done on sediment motion and bed ripple 
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formations under wave-current co-parallel interaction. Van Rijn et al. (1993) measured 
suspended sediment concentration, sediment transport rates, bed ripple geometry and 
velocity distributions under wave-current co-linear flows. Movable bottom was 
employed with 50 100, 200d mμ=  sand. Sediment suspension and bed ripple geometry 
were measured using a pump sampling instrument and an electronic bed profiler, 
respectively. Van Rijn et al. (1993) observed that pure wave suspension was increased 
by addition of currents and this was found to be correlated to current strength. 
Moreover, the measurements indicated that the wave related transport was much 
smaller than current related transport. Similar type of experiments were also reported 
by Nieuwjaar and Kaij (1987) and Nap and Kampen (1988).  
 
2.2.2 Arbitrary angle wave-current flow experiments 
Visser (1986) conducted an experiment in a 3-D wave basin for wave-current 
orthogonal interaction both over a smooth bed and with a gravel ( 90 8d mm= ) bed. To 
generate uniform (across the basin, horizontally) steady undisturbed currents, two 
weirs and two rows of air bricks and small mesh wire-netting were employed in inflow 
section of the basin. Bed shear stresses, which were estimated based on the slope of the 
mean water level did not accord with the theory by Fredsǿe (1984). Measurements 
indicated log velocity current profile in the combined flow close to the bed and in the 
upper layer region. It was also observed that upper layer pure current velocities were 
increased by addition of orthogonal waves. 
 
Sleath (1990), adopting a rather different method, experimentally modeled the 
wave-current orthogonal flow. The bed was mechanically oscillated perpendicular to 
steady current flow. Although this set-up was not quite the same as waves at right 
angles to a current, this was reasonably good to model near bed interactions in a 
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limited space (wave flume). Sand ( 50 1.64d mm= ) and gravel ( 50 8.1d mm= ) were 
glued to the oscillating section to simulate smooth and rough beds. Measurements with 
smooth bed observed no significant effect due to oscillation on the velocity profile of 
steady currents, but for rough beds steady currents were affected by the presence of 
waves. Simons et al. (1992) also conducted a series of experiments in a wave basin to 
study wave-current orthogonal interaction. They directly measured bed shear stresses 
by means of a novel shear plate device. It was found that both mean bed shear stress 
and roughness (apparent) experienced by current were significantly increased by the 
presence of orthogonal waves. But oscillatory wave-induced bed shear stress was 
found to be not disturbed by addition of orthogonal currents. The same experiment was 
extended to random waves by Simons et al. (1994). 
 
Recently, Cavallaro et al. (2004) carried out an experiment of wave-current 
orthogonal flow over a sediment coated bottom in a wave basin. The results indicated 
that for sand bed, near-bed current velocity was increased and physical bottom 
roughness was reduced while for gravel bed, near bed current velocity was reduced 
and the roughness experienced by the current was increased by the presence of 
orthogonal waves. 
 
All experiments discussed above simulate fix bed by gluing the sediment or 
fixing the bed with artificial elements. This is not true in the field where especially 
during the storm periods the bed becomes movable and sediment suspension and 
transport take place. Therefore to model the real sea conditions, wave-current acting at 
different angles over movable beds has to be simulated in wave basins. Very few 
physical models of this type have been reported in past few years. Young and Sleath 
(1988, 1990) extended Sleath’s (1990) oscillating bed experiment by replacing the 
fixed bed with a movable bottom. Young and Sleath (1988) observed the initiation of 
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motion under wave-current orthogonal interaction and represented this condition by a 
critical value of the vector sum of the component shear stresses neglecting nonlinear 
interaction. Young and Sleath (1990) studied the bed geometry under combined flow 
and observed the change of pure wave formed straight crested ripples into serpentine 
pattern by the addition of orthogonal currents.  
 
To study the effects of wave-current interaction angle on sediment suspension 
and transport, van Rijn and Havinga (1995) extended the flume experiment (Van Rijn 
et al., 1993) to a basin experiment. Movable bed consisting of fine sand of 
50 100d mμ=  was employed and current was generated at angles of 600, 900, 1200 to 
the wave direction. They observed that near bed current velocities were reduced by 
action of different orientation of waves and this effect was found to be increased with 
larger wave heights. The most pronounced effect was noted for orthogonal interaction. 
Moreover, pure wave sediment suspension was found to be affected by both current 
strength and angle of wave-current interaction. Khelifa and Ouellet (2000) completed 
an experiment of wave-current (600, 900) combined flow over a movable bed. The 
principal aim of the experiment was to investigate ripple geometry under the combined 
flow and to develop empirical equation to describe ripple height and length. Recently, 
Andersen and Faraci (2003) measured ripple geometry for the case of wave acting 
perpendicular to currents over movable bed. When the current strength was increased, 
they observed the change of ripple geometry from the straight line crested to waviness 






2.3 Field measurements  
Waves and currents co-exist in the continental shelves and generally any field 
measurement undergoes collection of data for both waves and current components. 
Larger wave stresses relative to the current stresses are commonly encountered on 
continental shelves and direct bed shear measurements are difficult and estimations of 
shear stresses under wave-current field conditions are usually obtained by measuring 
three to six near-bed velocities and fitting them with a logarithmic profile. Field 
measurements are difficult due to ever changing environmental conditions, 
accessibility and difficulties in deploying instruments. Before 1980’s, there were not 
much field studies reported under the combined wave-current flow but during past two 
decades, many qualitative field measurements were done due to advances in 
instrumentation and technology and also due to necessity of understanding real flow 
behaviours in the coastal environment. These studies can be mainly categorised into 
non-storm and storm conditions measurements.  
 
2.3.1 Non-storm conditions 
 Larsen et al. (1981) carried out measurements in United States and Australian 
coast. They concluded that Shields diagram can be used to predict initiation of motion 
under combined flow. Grant et al. (1984) and Drake et al. (1992) reported field studies 
on northern California continental shelf. Bed roughness and mean bed shear stresses 
resulted larger values in comparison to the current alone flow and these estimations 
moderately accord with Grant and Madsen (1979) model. Drake and Cacchione (1986) 
deployed a GEOPROBE bottom tripod system in Norton Sound Alaska and northern 
California shelf to monitor resuspension event by observing sudden, large increase in 
light scattering under the combined wave-current flow. This data set also supported 
representation of Shields diagram for initiation of motion under the combined flow. 
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Measurements of waves, mean flow and turbulence within 1m  of the seabed were 
reported at two sites (Cow Bay, Sable Island Bank) on the Nova Scotia shelf and 
Canada (Huntley and Hazen, 1988) during July 1984. A tripod holding 
electromagnetic flowmeters at two heights were deployed for the field measurements 
and shear velocities were estimated from the observed spectra of vertical turbulence 
velocities. The current boundary layer was investigated by Lambrakos et al. (1988) in 
the Strait of Juan de Fuca, at 18m  water depth. The measurements and analysis 
indicated the existence of large boundary-layer current gradients in the tidal 
environmental. Cacchione et al. (1990) reported an experimental study on the 
continental shelf south off the Ebro river delta, Spain. Measurements of currents, 
waves and light transmission were taken by deploying a GEOPROBE system to study 
sediment transport under combined flow action.   
 
2.3.2 Storm conditions 
 Green et al. (1995) described the measurements of wave-current flow under 
severe storm conditions that were taken at a depth of 25m  in British North Sea shelf. 
It was found that, net transport of sediment along and off-shore was caused by wind 
driven currents. Wright et al. (1997) made measurements in bottom boundary layer on 
the Louisiana inner continental shelf at a water depth of 15.5m . They observed that 
bed stresses induced by mean currents were too weak to suspend the sediment but 
combined action resulted the sediment suspension even at moderate waves. Sediment-
transport event under wave-current flow on northern California continental shelf was 
examined by Ogston and Sternberg (1999) by deploying a monitoring tripod in 60m  
water depth. Within one year of record, 41 distinct suspension events were observed. 
They noted the combined effects of tidal currents, wave activity and river discharge on 
suspension behaviours.  
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 Williams and Rose (2001) quantified both bed load and suspended load 
transport rate and measured bed form dimensions and rate of ripple migration under 
the combined wave-current flow by deploying acoustic instruments in Middelkerke 
Bank (southern north sea). These measurements validate some empirical formulations 
which describe sediment motion under the combined wave-current flow over a rippled 
bed. Vincent et al. (1991), Veerayya and Muralinath (1994), Cacchione et al. (1994), 
Li et al. (1996), Jing and Ridd (1996), Storlazzi and Jaffe (2002) and Williams et al. 
(2002) also completed field investigations with wave-current flow measurements in 
Queensland, Bombay, California inner shelf, North California, Australian coast, 
California central shelf and Portugal, respectively.   
 
2.4 Summary  
 Within the inviscid regime, for both irrotational and rotational current fields the 
kinematics of the interaction between regular waves and currents in two dimensions is 
reasonably well understood. However in three dimensions the behaviour is not 
completely clear and in particular there is a distinct need for very good experimental 
data in characterising the flow. 
 
Near bed flow has been reasonably modeled with eddy viscosity assumption 
for wave-current flow. But this is not true for near surface flow properties. Therefore, 
the present knowledge on near surface mechanisms is very poor and this holds even 
worst for three directional wave-current interactions. The influence of vorticity and 
viscous mechanisms are particularly important in both upper layers and near-bed 
region and there is a clear need for good predictive models especially for 3-D wave-
current flow.  
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 Empirical formulae are widely used to predict bed dynamics and near bed 
sediment processes of combined wave and current flows both in laboratory conditions 
and in marine environment. Most of them are available for plane beds (sheet flow) and 
differentiation of bed load and suspension layer is arbitrary in each model. Poor 
agreement between theories and experimental sediment transport data is also 
noticeable.  
 
 It is difficult to accurately reproduce the coastal wave-current environments in 
the laboratories. Most of the laboratory experiments on wave-current flow describe co-
parallel wave-current interaction. However, very few experiments for wave-current 
flows at arbitrary angles in wave basins also have been completed. Although seabed is 
movable, in most of the past experiments, a fixed bed condition has been simulated to 
understand the basic interaction mechanisms. Lack of data for wave-current flow at 
arbitrary angles and difficulty of theoretically modeling of arbitrary angles wave-
current flow processes imply the necessity of future experiments especially over 
movable beds to thoroughly understand complex flow behaviours of wave-current 
flows. 
 
 Field studies cover a wide range of sites and wave-current conditions. At 
present, collection of qualitative wave-current data is possible due to advances in 
instrumentations. Large wave stresses relative to the current stresses are commonly 
encountered on continental shelves and these stresses are estimated by coupling field 






EXPERIMENTAL FACILITY AND INSTRUMENTATIONS  
 
 
This chapter details the functions and calibrations of instruments that were used 
to acquire the experimental data. Operations of laboratory equipments that were used 
to run the experiment are also explained. Different instrumental operation methods to 
capture the data, instrumental limitations and accuracy of measurements are given.  
 
3.1 Acoustic Doppler Velocimeter (ADV)  
 
The Acoustic Doppler Velocimeter (ADV) (Figure 3.1) mainly consists of 
three modules, namely measurement probe, signal conditioning module and signal 
processing module. The ADV measures the three directional velocity components of a 
fluid volume (85 3mm  to 254 3mm ) that is captured about 5cm away from transmit 
transducer with a maximum frequency of 100Hz sampling rate. The ADV uses the 
Doppler effect to measure the fluid velocity by transmitting a short pairs of sound 
pulses, listening to its echo and measuring the change in pitch or frequency of the 
returned sound. The transducer that is fixed at central beam transmits the signals and 
the reflections are received by three beams. Clear water alone will not reflect the 
sound, therefore fine suspended particles in the form of sediment or powder are 
required to produce less instrumental noise. Therefore, Kaolin powder was mixed 
continuously in the inflow tank during the measurements of velocity over the concrete 
bed.  
 
Selection of a large velocity range and small sample volume will reduce the 
accuracy of the measured velocity. However, the ADV also captures the signal to noise 






Figure 3.1. The Acoustic Doppler Velocimeter  
 
 
The SNR values greater than 5 and signal correlation coefficient values greater than 70 
produce more accurate velocity measurements. During the experiment, the ADV 
output of SNR and correlation were monitored and in all test cases, these values were 
found to be greater than 20 and 90 respectively which are greater than the expected 
values (5 for SNR and 70 for correlation) for accurate ADV measurement that has 1% 
of accuracy. A High concentration of Kaolin powder was added to the water to 
increase the SNR and signal correlation coefficient of velocity measurements in order 
to obtain accurate velocity measurements. 
 
Accuracy of the ADV data was verified by measuring the velocity in still 
water. The data were captured with SNR greater than 30 and coefficient of correlation 
greater than 95 for three minutes with a 100Hz  sampling rate. Three directional time 
averaged values    (-0.013 cm s , 0.074 cm s , 0.075 cm s ) were found to be very close 
to zero velocity with 0.67 cm s , 0.74 cm s , 0.13cm s standard deviations in 
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, ,x y z directions respectively. Figure 3.2 illustrates z  component of velocity 
measurements from a 3-D down looking ADV. Very few data points which show a 
significant deviation due to noise, can be filtered in data analysing process. These 























Figure 3.2. Measurements of z  directional velocity component in still water for a 






3.2 PV-07 Electronic bed profile indicator 
 
Bed profiler (Figure 3.3) has basically been developed to monitor the bed 
levels in laboratory experiments. The instrument consists of a thin rod-shaped tip 
forming the probe that is connected to a servo mechanism-driven gauge and a control 







Figure 3.3. Calibration of bed profiler with the aid of profiler PCU, multimeter, and 
fine adjustable up down motion carriage 
 
 
The probe tip acts as a measuring electrode and generates electronic signals 
while compensation electrode is formed by interrupting the insulation that covers the 
stainless steel tube. When common electrode is connected to the instrument, both the 
compensation electrode and the measuring electrode form resistors in the fluid and the 
resistance is determined by both the fixed distance between the electrodes and the 
conductivity of the fluid. The gauge is placed vertically into the water and takes up a 
fixed position just above the bed. Moving the instrument with a constant horizontal 
speed will follow the 2-D bed profile with a proportional analogue output that can be 
read using an oscilloscope. Bed profiler and the oscilloscope were fixed side by side 
(Figure 3.8) on the basin carriage to reduce the length of the BNC (Bayonet Navy 
Connector) cable to minimise the data noise.  
 The instrument needs to be calibrated before the bed profiling. The calibration 
was done with the use of a multimeter, fine adjustable up down moving carriage, 
sediment sample, profiler PCU, short and long BNC cables. Voltage outputs were 
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Vertical distance from bed reference (cm)
recorded for 17cm up and down motion with 1 cm step increment. The average value of 
up and down motion was plotted (Figure 3.4) to calibrate the linear relation between 
voltage difference and distance, and the linear regression resulted 1V =4 cm  with 

















Figure 3.4. Linear regression for data points measured by the bed profiler in calibration 
 
 To measure the bed ripple height and length accurately, the profiler has to be 
smoothly moved with a constant speed on a horizontal plane. This was achieved by 
fixing the profiler on basin carriage. The carriage is very rigid although it spans for 
about 10m  and its constant speed can be accurately controlled (Section 3.6). 
Additionally, the carriage moves on a horizontal plane as carriage supports are well 
constructed. This was checked by measuring the still water level of wave basin by 
using a wave height meter that was fixed to the moving carriage. These results showed 
that the carriage is moving in a horizontal plane (Figure 3.5). Therefore, data from bed 
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Figure 3.5. Measurements of still water level by using a wave gauge fixed to the 




3.3 KENEK capacitance type wave height meter  
 
Wave height meter (wave gauge) (Figure 3.6) measures the surface profile with the 
maximum measurement of 30 cm  height and linear accuracy of 0.5%± . The 
instrument has a sensor unit that houses capacitance sensor wire, capacitance voltage 
converter and DC amplifying unit. A capacitor is formed between the capacitance 
sensor wire and water. This electrostatic capacitance is proportional to depth of water 
and converted to proportional voltage in the sensor unit and amplified by the DC 
amplifier.  
Seven wave height meters were used to monitor the surface profile variation 
inside the wave basin. Each wave gauge was calibrated to 1 5V cm= . During the 
calibration, voltage was recorded in both up and down motion with 1cm  intervals. 
Figure 3.7 illustrates the linear regression of measured data for probe number 2 in the 
calibration.   
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Figure 3.7. Linear regression for data points measured by the wave gauge in the 










3.4 Wave generation system  
 
Wave generation system basically consists of four units, namely wave machine, 
transformer, control unit and signal generating computer. The control unit interfaces 
with HR WaveMaker signals that are generated in the computer by necessary output 
cards to filter the analogue signals. All the units are interconnected by the control unit. 
Input voltage signals can be checked before feeding to the mechanical system and the 
oscillatory motion of each paddle is proportional to the voltage signal. Signals can be 
controlled to simulate a range of sea states generating regular, random or user defined 
wave conditions. The mean direction of wave propagation can be set in a direction 
other than paddles’ oscillatory direction by relative offset motions of the paddles.  
   
 
3.5  Wave basin carriage  
 
 
Wave basin carriage is 10m long and used for mounting and locating 
measuring instruments (ADV, OBS-5, bed profiler, wave gauges) (Figure 3.8) 
accurately inside the wave basin. Very accurate 1-D and 2-D motion of the carriage is 
controlled by a computer programme with HyperTerminal communication. The 
carriage mounted instruments can be positioned with 0.1mm  accuracy in both 
directions by inputting the relevant commands and values to the computer programme. 
Master and slave motors drive the carriage along the basin with a constant speed of 
16.8mm s  while third motor move instruments (Figure 3.8) along the carriage with a 
constant speed of 11.25mm s . Consistency of uniform motion of the carriage was 
measured for different input values and validated by oscilloscope measurements of 
rippled sand bed profile with a 200Hz sampling frequency recorded using the bed 


























3.6   Flow meter, Oscilloscope and WaveBook data acquisition system   
 
 
Flow meter is a compact, magneto-inductive flow measuring instrument of 
electrically conductive liquids like water, wastewater and acids. Up to a maximum of 
700 l s  flow measurements can be made in a pipe system, without head loss and are 
independent of pressure, temperature, density and viscosity of fluid. Sensor and 
transducer form a mechanical unit and operation is based on electromagnetic 
induction.  
Oscilloscope is used to observe and record voltage output of different 
instruments (wave height meter, bed profiler, wave paddle control unit). Many useful 
functions like simultaneous observations of several inputs, display properties of 
functions (peak to peak voltage, maximum voltage, period) triggering, amplifying, data 
recording at different frequencies are available in the oscilloscope.  









WaveBook data acquisition system has 16 analogue input channels and 
triggering option allows capturing ADV velocity measurements and voltage output 
simultaneously. This function is very important in oscillatory flow measurements as 
the surface profile directly influences both the magnitude and direction of velocity. 
Figure 3.9 illustrates the simultaneous data acquisition system of ADV, WaveBook, 
wave height meters, oscilloscope, flow measurements, carriage control and relevant 






Figure 3.9. Data acquisition system (ADV, WaveBook, wave height meters, 




CHAPTER FOUR  
 
 
EXPERIMENTAL SET-UP  
 
 
This chapter describes the set-up of the experiment that physically simulated 
the wave-current perpendicular interaction over both the smooth and movable bed.  
Preliminary justifications of initial flow fields are made to confirm that the 
experimental procedure, required flow conditions and instrumentations and their 
measurements are accurate. This further discusses the importance of relevant remedies 
which were introduced to overcome the experimental difficulties and different 
precautions which were utilised to produce the most appropriate undisturbed flow and 
bed conditions. Validation of the physical model was also discussed for each condition 
of pure currents, pure waves and combined wave-current flows with the preliminary 
experimental measurements and theoretical considerations. The last section briefs the 
experimental procedure in step form for both cases of experimental runs over fixed and 
movable beds. The methodology will be explained in detail in relevant subsections of 
Chapters 5, 6 and 7. 
 
 
4.1 Experimental set-up over fixed and movable beds 
 
Main objective of the experimental set-up was to develop a physical model of 
wave and current stream acting perpendicular to each other in a 24m  long, 10m  wide, 
and 0.9m  deep 3-D wave basin in the hydraulic laboratory of the National University 
of Singapore. This set-up also included the construction of a wave absorbing beach to 
dissipate incident wave energy to minimise the reflection and construction of an 



























Figure 4.2. Construction of 10 cm thick movable sand bed ( 50 0.22d mm= )   
 
 
Careful considerations were given in the design and construction of major 
structures of the physical model such as current inflow tank, wave absorber, current 
outflow tailgate, longshore sediment collector and flow boundaries. Figures 4.1 and 
4.2 show some construction work during the set-up of the experiment. Figure 4.3 
shows the schematic diagram of the experimental set-up for wave-current 
perpendicular interaction over the movable bed.  
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4.1.1  Generation of currents  
 
The current was generated across the basin in a 7.2m  long and 2m  wide 
current channel by recirculating the flow across the basin allowing water to flow under 
gravity from a 15m  elevated constant head tank. The constant head was maintained in 
the overhead tank by operating 75HP  centrifugal pumps connected in parallel.  The 
water level of the overhead tank was determined to be steady by observing the steady 
discharge recorded by the flow meter that was connected to the inlet pipe (diameter 8 
inch) of the inflow tank. The y  axis was considered to be in the direction of current 
flow with the origin located at the centre of the honeycomb filter (Figure 4.3). 
To minimise the turbulence that could be generated due to the large water 
volume flow into the inflow tank, the inflow tank was constructed to its maximum 
possible size (1.4 10 )m m× (one side of the tank wall was constructed up to the nearest 
position of paddle’s maximum stroke). PVC inlet pipes (two inlets, diameter = 8inch) 
were laid into the concrete bed so that inlets were submerged during the water flow 
and this created a smooth water flow inside the inflow tank. Moreover, two baffle nets 
were placed at the two inlet ends to minimise the impact of water jets, thus the 
turbulence inside the tank was further reduced. The honeycomb filter was 0.5m  wide 
and 0.8m  deep containing 50mm  diameter and 0.5m  long PVC pipes. The 
honeycomb filter was placed at the entrance to the current channel in order to direct the 
current flow only in the y  direction. Moreover, after the current was directed through 
the honeycomb filter, the flow was further bound for 1.89m  before the current flow 
met the open boundaries (before currents interacted with waves in the combined flow 
region) (Figure 4.3). All these considerations listed above were introduced to produce 















Figure 4.4. Adjustable tailgate that smoothly discharges the water and controls 
constant water depth inside the basin  
 
The tailgate (Figure 4.4) height was adjusted to regulate a steady water depth of 
40 cm  and 35 cm  inside the basin. The sloping construction of the tailgate allowed a 
smooth out flow without disturbing the main flow. The valve connected to the inflow 
pipe of the inflow tank was regulated to control the current discharge. The maximum 
discharge of (118 l s ) was achieved in the 2m wide current channel by operating both 
the pumps simultaneously.  
 
4.1.2 Wave generation   
 
Waves were generated by the programmable wave paddles, which can be 
operated individually. Supply of correct voltage to the wave machine is regulated by 
the transformer and the control unit. A signal generating computer, which runs with 
the wave maker programme, produced the required unsteady voltage that generated the 














Figure 4.5. Generation of combined wave ( 10 , 1.5H cm T s= = ) - current (depth 
averaged velocity =  13.5 cm s ) flow  
 
 Seven wave gauges were used to check the uniformity of the wave height in the 
basin. Four wave gauges were placed in the zone without currents and three wave 
gauges were fixed on the carriage to monitor the wave heights in the wave-current 
interaction area (Figures 4.3, 4.5). The side plywood walls were constructed to its 
minimum height of 0.6m  with bracings. This minimised the flexibility of wall during 
wave propagation and therefore, this produced greater strength to the main structure. 
These plywood walls were coated with resins to minimise the side wall flow resistance 
to the propagating waves. Flow boundaries at the tailgate side were constructed at 2m  
(Figure 4.3) away from the tailgate, so that the wave diffraction could cause less effect 
to the main flow. During the pure wave runs, openings of the current channel were 
blocked by 2m  wide (width of the current channel) and 0.6m  height two plywood 
boards and edges were sealed to prevent wave diffraction. During the pure current or in 
the combined flow runs, the two plywood boards were taken off (Figure 4.5).  Incident 
wave energy was effectively dissipated by allowing the wave flow to diffract through a 
4.15m  wide opening (between beach and side plywood wall) (Figure 4.6). The 
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diffracted waves were dissipated by the side wall absorbers, which were constructed by 
placing the sand bags along the side wall of the basin (Figure 4.6).  
 



















Figure 4.6. Beach (1:4 slope) constructed with crushed stones ( 50 25d mm= ). 4.15m  
long opening between the beach and the plywood. Side wall absorber (sand bags)    
 
Front wave absorber (Figure 4.6) was constructed to 1:4 slope with crushed 
stones ( 50 25d mm= ) to control the wave reflection less than 5.5% (Section 4.2.2.1). A 
fine sand ( 50 0.22d mm= ) layer (thickness of 10 cm ) was employed in the movable 
bed experiment. Two ends of the sand bed across the basin were supported by 1:13 
sloping structure (Figure 4.3, Figure 4.7). This mild slope smoothly transformed the 
waves from the concrete bed to the movable sand bed. At the end of the current 
channel, sand was blocked and supported by a plywood sheet ( 2 0.1m m× ). Close to 
the tailgate, the bottom of the current channel was blocked with a plywood sheet 
( 2 0.2m m× ) to trap the transported bed and suspended load (Figure 6.11). A pre 
analysis of sediment settling in the wave free area (sediment collection area, Figure 
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6.11) was done (Appendix B) to ensure that all the transported sediment was collected 
in the trapping arrangement. All the edges between side walls and concrete bottom in 
the sediment collecting arrangement were sealed with silicon to prevent underneath 


















Figure 4.7. Top view of completed experimental set-up (movable sand bed)  
 
 
4.2  Validations of experimental set-up and preliminary justifications of flow 
conditions  
 
Accuracy of the generation of the required pure waves, pure currents and the 
combined wave-current flow conditions in the wave basin was checked for each case 
of flow with the preliminary experimental measurements of wave height distributions 
in the basin, three directional velocities and estimations of bed shear stresses. Theories 
of wave reflections and cross-waves were considered with the preliminary 
experimental measurements to confirm that the wave reflection was less than 5.5% and 
the wave-current interaction was free from cross-wave generation. Moreover, sediment 
settling pattern in the wave-free zone (sediment collecting arrangement) was studied to 
confirm that all the suspended and bed sediments were trapped before they washed out 
to the sump over the tailgate. 
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4.2.1 Pure current flow 
 
Pure current was generated as described in Section 4.1.1. Required conditions 
of pure current (steady, shearing, uniform across current channel) were achieved with 
designed flow arrangements (inflow tank, honeycomb filter, tailgate) in the 
experimental set-up. Bed shear stress developed under pure currents was found to be 
not large enough to move the sediment.  
 
4.2.1.1 Steady and uniform flow check across the current channel  
 
Velocity distribution was measured across the 2m  wide current channel at 
0.25m  horizontal intervals for a selected elevation (20cm ) above the bottom. Two 
sections were selected along the current channel at 3.5m  and 4.5m  downstream of the 
honeycomb filter. The velocity measurements were recorded for 2 minutes with 25Hz  
sampling rate. Figure 4.8 illustrates the observation of the time series of 3-D velocities 
record for 6 seconds. Figure 4.9 gives the time averaged current velocity across the 
current channel at an elevation of 20cm  above the bottom. Standard deviation of the 
current directional velocity was found to be in the range of 0.9755cm s  to 
1.1669 cm s  with coefficient of variance changing from 8.3% to 13.6%. Therefore, 
less variance of velocity data indicates the occurrence of appropriate steady flow 
velocity under pure current condition, although, some ADV data scattering was 
observed due to instrument noise and flow turbulence. When the ADV transmits a 
signal to the sample volume and if they are not properly reflected to the receivers by 
the absence of particles (powder, dye or fine sediment) then the ADV output 
corresponding to this signal (at a particular time) will deviate from the actual value. 
The mean velocity profiles across the current channel (Figure 4.9) suggest that the pure 
current flow was almost one dimensional and uniform. Therefore, the generation of 
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efficiency of the experimental set-up  and the efficiency of flow controlling units such 
as inflow tank flow, honeycomb filter, tailgate and controlling of flow by maintaining 
constant head in the elevated tank for the current generation. Similar flow conditions 
of steady uniform flow were observed for the pure current flow over the fixed concrete 













Figure 4.8. 3-D velocities for the pure current flow (10.5 cm s  depth averaged) over 
the sand bed. Recorded for 6s at elevation 20cm  above the bottom and 0x m= , 















Figure 4.9. Mean current velocity across the current channel for the pure current 
generation over the sand bed at 20cm  elevation above the bottom and 3.5m , 4.5m  




4.2.1.2 Current directional velocity distribution  
 
Mean velocity profile was obtained with measurements of 1.5 cm vertical 














































velocity data were recorded for 2 minutes at a frequency of 25Hz . 25Hz  frequency is 
used to capture the accurate data with large values of correlation and signal to noise 
ratios. Figure 4.10 shows the vertical distribution of current directional ( y  direction) 
velocities at 0.5 , 4.5x m y m= − = . Wake function (no side wall effect due to the shear 
less boundaries and 5b h > ; b  is the channel width, h  is the water depth) and free 
surface effect (no wind over the water surface) were neglected and therefore, only the 















Figure 4.10. The current directional mean velocity profile at ( 0.5 , 4.5x m y m= − = ) for 


















              Figure 4.11. Semi logarithmic velocity plot of Figure 4.10 
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The results of the vertical velocity distribution show the generation of shearing 
currents. Moreover, the pure current velocities could be described by considering only 
the effect of the channel bed up to the free surface neglecting the effect of the wake 
function (Figure 4.11) (correlation coefficient 0.9932R= = ). x  and z  directional 
velocities were found to be nearly zero in comparison to the current directional 
velocities (Figure 4.8). Similar results were obtained for the pure current flow over the 
other bed conditions.  
The correlation coefficient R  is often used to judge the adequacy of a linear 
regression model. However, R  value alone will not determine the goodness-of-fit but 
number of points n  that are used for the regression, the slope s  of the regression line 
and intercept will also contribute to the linearity test. According to Gross and Nowell 
(1983), the confidence interval %Θ  for the slope can be determined as:  
  ( ), 2ns t eα −±          (4.1) 
where ( ), 2nt α −  is the percentage point of  t  distribution, ( )100 2α = −Θ  and e  is the 
standard error of estimation of slope that is given by: 






⎛ ⎞−= ⎜ ⎟−⎝ ⎠
       (4.2) 
Some researchers used this criterion (Equations 4.1 and 4.2) to determine the 
‘good’ R  values that produce acceptable goodness-of-fit between measurements and 
adopted regression model. For example, Wiberg and Smith (1983) for their wave-
current velocity measurements used acceptability criterion such that error bar ( ( ), 2nt eα − ) 
on slope is to be less than 10% at the 90% confidence. In other words, in order to have 
the error bar less than 10% at 90% confidence, R  has to be greater than 0.9988 for 
four points ( 4n = ) velocity profile ( 0.05,2 2.92t = ) in this experiment. Therefore, 
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‘good’ values of R  are treated as the value greater than 0.9988 by Wiberg and Smith 
(1983). Similarly, Drake and Cacchione (1992), with the three point velocity 
measurements, selected the acceptability criterion as 0.998R ≥  (error bar on slope to 
be less than 40% at 90% confidence).  
In the present experiment too, based on the Gross and Nowell (1983) equations, 
the following criterion is selected to find ‘good’ R  values. That is to have the error bar 
on slope less than 10% at 90% confidence. This results the required minimum value of 
R  as 0.9799, 0.9886 and 0.9921 for 15 points ( 0.05,13 1.771t = ), 10 points ( 0.05,8 1.86t = ) 
and 8 points ( 0.05,6 1.943t = ), respectively. This criterion and the method will be used in 
Sections 6.1.2, 7.1, 7.2 and 7.3. 
 
4.2.1.3 Bed shear stress and sediment motion  
 
Bed shear stress developed due to the pure current flow over the plane sand and 
the rippled bed was found to be less than the critical bed shear of the sediment motion 
(Appendix D). The maximum discharge was limited due to the operations of only two 
75HP  centrifugal pumps for the current generation and the flow through the 2m wide 
channel with the depth of 0.35m  was not large enough to develop large bed shear 
stress for the sediment motion. This was further verified by observing no trapped 
sediment particles in the sediment collecting arrangement, before and after the pure 
current flow.   
 
 
4.2.2  Pure waves 
 
For all the pure wave experimental runs, the current channel was properly 
closed with the plywood boards and edges were perfectly sealed. This section 
discusses the wave reflection analysis, wave height distribution in the basin and 
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compares the flow velocities with the linear wave theory. Water surface profile in the 
basin was the same for short and long term runs of pure waves. Wave orthogonals 
propagated parallel to the side wall and 3-D velocities accord with the linear wave 
theory. Results of this section conclude the accuracy of the generation of the required 
regular wave conditions and also conclude the effectiveness of experimental set-up 
considerations for wave generation, propagation and absorption.  
 
 
4.2.2.1 Wave height distributions in the basin and wave reflection  
 
Seven wave gauges were placed in the wave basin (Figure 4.3) to monitor the 
surface profile variations. Three samples were taken (one hour time lag between 
samples) for 2 minutes with 100Hz frequency for each sample. This provided 
capturing of 80 wave cycles for 1.5 s  wave period. The wave period is selected to 
generate at lease one wave length interact with the orthogonal current. However, small 
wave periods did not uniformly distribute the waves in the basin. The wave height at a 
particular station was calculated by taking the mean of wave heights of the 80 wave 
cycles. For the sample 1, Figure 4.12 illustrates the time series plot of the surface 
profile of three wave gauge stations. Similar surface profile variation was also 
observed for other two samples. This confirms that the wave height did not change 
with the time at a particular location during the experimental runs for specific wave 
height input to the paddles. Wave height was not uniformly distributed, but its 
variation was found to be considerably small (Table 4.1) for all input wave heights 
(6 cm , 10cm  and 15 cm ) to the paddles. Eight wave probes at 45cm spacing were 
fixed along the carriage to check the wave height distribution across the basin. Figure 
4.13 illustrates the time series plot of all eight wave probes and Figure 4.14 displays 























Figure 4.12. The time series measurements of the surface profile (first sample) by three 
wave gauges for the pure wave ( 6 , 1.5H cm T s= = ) generation over the movable bed. 
(For probe positions, refer Figure 4.3) 
 
Table 4.1. Distribution of the wave height in the basin for 6cm height pure wave 
generation over movable bed (refer Figure 4.3 for ,x y coordinates) 
Waves of 6 cm height input to wave generator 
             Mean of 80 cycles     Standard deviation of 80 cycles 




  ( cm ) ( cm ) ( cm ) ( cm ) ( cm ) ( cm ) 
1 ( 3.5 , 3.0 )x m y m= =  6.9111 6.6792 6.688 0.211 0.2818 0.3031 
2 ( 0.0 , 5.0 )x m y m= =  5.6108 5.622 5.6665 0.0539 0.0413 0.0477 
3 ( 0.0 , 3.0 )x m y m= =  4.8698 4.924 4.9169 0.0446 0.0462 0.043 
4 ( 0.0 , 4.0 )x m y m= =  5.2154 5.2096 5.2168 0.0329 0.0331 0.0399 
5 ( 3.5 , 5.0 )x m y m= =  6.0381 6.0165 5.9583 0.0418 0.0471 0.0581 
6 ( 3.5 , 5 )x m y m= − =  6.1393 6.1351 6.1767 0.0407 0.0475 0.0711 
7 ( 3.5 , 3 )x m y m= − =  4.5745 4.5524 4.5602 0.0454 0.053 0.0581 
 
 
The results indicate that all the surface profiles are in phase (Figure 4.12). This 
concludes that the wave propagation was not significantly disturbed by the side 
plywood wall (smoothed by applying resin). If waves experienced a considerable side 
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direction at the centre of the basin and if so, eight wave probes, which were aligned 
across the basin should display some phase shift. Wave height across the basin was 
nearly uniform with average height of 5.749cm , standard deviation of 0.3672 cm  and 














Figure 4.13. Simultaneous record of the surface elevation with time for the pure waves 
( 6 , 1.5H cm T s= = input) over concrete bed. plwy  was the distance measured across 
the basin with reference to the plywood that is parallel to wave direction  
 
 












Figure 4.14. Mean wave height distribution across the basin for 6cm wave height input 
to the paddles  
 
 
The wave reflection analysis was done by using two and three probe methods and with 
the surface profile measurements (Appendix A). This analysis indicated that reflection 
coefficient is less than 5.5%. Ouellet and Datta (1986) indicated that for effective 
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experimentations, the reflection coefficient should preferably be less than 10% in 
water depth ranging from 0.4m  to 3.5m . This reflection analysis results imply that the 
deployed wave absorbing mechanism (front absorber, diffracted wave energy loss from 
end of plywood opening (Figure 4.6), side wall absorption) is effective for qualitative 
measurements in the 3-D wave basin. As the reflected wave height is very small in 
comparison to the incident waves, combined wave heights (obtained from wave probe 




4.2.2.2 Three directional velocities and comparison to linear wave theory   
 
 
Three directional velocities were measured using the ADV for the pure wave 
flow to check which wave theory is appropriate to explain the 3-D velocity and to 
check whether the required regular wave conditions were achieved in the basin. One 
wave gauge was placed very close to the ADV instrument to measure the velocity and 
the water surface profile simultaneously. Mean record of this (wave gauge close to the 
ADV) wave height was used in calculation of theoretical velocities.  
Time series velocities in the x  and z  directions accord with the first order 
wave theory (Figures 4.15, 4.16) and resulted 900 phase shift between the two velocity 
components ( ,x z ) and also the surface profile was in phase with the x  directional 
velocity component, which is also compatible with the first order wave theory. This 
holds true for flow over the smooth and the movable bed for all the pure wave 
conditions. Therefore, these results conclude that the linear waves were generated and 
the generation mechanism (voltage signal output, oscillatory paddles motion) and the 
experimental set-up considerations (Guiding plates in smooth bottom, side wall 









































































Figure 4.15. Comparison to linear wave theory and simultaneous measurements of 3-D 
velocities and water surface profile for pure waves ( 9.96 , 1.5 , 35H cm T s h cm= = = ) 
over movable bed. ADV sampling volume was 5m  downstream of the honeycomb 














Figure 4.16. Vertical velocity distributions of pure waves 
( 9.96 , 1.5 , 35H cm T s h cm= = = ) over the movable bed at 5m  downstream in 
comparison to the linear wave theory. Velocities measurements under                    
wave crest (taking the average of maximum of each wave cycle) 
 
 
4.2.3 Combined wave-current flow 
Effect of cross-waves, the wave height distribution and sediment settling 
behaviour in the wave-free zone and three directional velocities under the combined 
wave-current flow were discussed in this sub section. Wave-current interaction was 
    x  directional velocity;         z directional velocity;             x directional  






free of cross-waves effect and the wave heights were nearly uniform at the centre of 
the current channel, time and space averaged wave height was nearly equal to the wave 
generator input wave height in the interaction area. Time averaged current velocity in 
the combined flow was uniform across the channel. All the suspended sediment was 
trapped in the provided experimental arrangement before it passes over the tailgate by 
the currents under the wave-current orthogonal interaction. 
 
4.2.3.1 Cross-wave analysis 
The diffracted waves from the opening of the current channel (Figure 4.3) 
could reflect back to the main flow by the presence of the tailgate resulting the cross-
waves interaction inside the wave basin. If there was cross-waves effect, then the water 
surface profile and the flow field measurements will not record the incident wave 
properties but the combined cross-wave effect. The distance between the tailgate and 
side plywood wall was constructed to 2m  (Figure 4.3), so that the diffracted waves 
had considerable distance to propagate before it met the reflection object (tailgate). 
Theoretical considerations and the experimental measurements of the surface profiles 
at 6 stations were used to (Appendix A.2) investigate the significance of cross-wave 
effect in the wave basin. Appendix A.2 details the cross-wave analysis and it was 
found that there were no cross-waves in the basin due to the wave diffraction and 
reflection due to the tailgate.  
 
4.2.3.2 Wave height distribution in the wave-current interaction area  
Three wave gauges were fixed on the carriage at 1m spacing to monitor the 
water surface profile in the wave-current interaction area. Nine wave gauge locations 
were considered to monitor 2 4.1m m×  interaction area as illustrated in Figure 6.1. 





































numbers 3, 5, and 7 (Figure 6.1) with a time gap of nearly 30 minutes between the 
samples. Exactly, similar shape of the surface variation was observed by each probe 










Figure 4.17. The time series measurements of the water surface (first sample) under the 
wave ( 10 , 1.5H cm T s= = ) – current (depth averaged 10.5 cm s ) flow  
 
Therefore, these results suggest that the periodic profiles do not change with 
time. The water surface profile has the same wave generated frequency. Wave height 
reduces close to the two ends of the opening of the current channel due to wave 
diffraction from the two ends of the current channel. However, the wave heights were 
more or less uniform at the centre of the current channel where experimental 
measurements were taken. Table 4.2 tabulates the mean wave height of 80 wave cycles 
measured at different gauge stations over the wave-current interaction area and Table 
4.3 summarises the time and space averaged wave height measured for different 
interactions of wave to current strength ratios. The overall time and space averaged 
wave height was nearly the same as the input condition to the wave generator (Table 
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4.3) and this suggests that the time and space averaged height could be used to relate 
sediment suspension and transport with flow parameters. Each wave gauge 
measurements for other different waves to currents interactions are given in Appendix 
H.    
Table 4.2. The wave height distributions over wave-current interaction area. 10 cm  
wave height input to the wave generator. The mean, Standard deviation (Std. dev.) and 
coefficient of variance (COV) of  wave heights (measurements of 80 wave cycles) (for 
wave probe location refer to Figure 6.1)  
Waves of 10 cm  wave height interaction with 10.5 cm s  depth averaged current 
      Wave height ( cm )       















1 9.47 0.22 2.33 9.57 0.19 2.04 9.60 0.21 2.15 
2 9.75 0.20 2.06 9.78 0.22 2.27 9.71 0.25 2.58 
3 11.03 0.17 1.58 10.94 0.17 1.57 10.93 0.20 1.79 
4 9.89 0.24 2.43 9.93 0.24 2.46 9.98 0.20 1.98 
5 8.57 0.26 3.00 8.55 0.25 2.94 8.67 0.30 3.47 
6 7.42 0.18 2.43 7.41 0.17 2.24 7.38 0.16 2.20 
7 14.06 0.21 1.49 14.03 0.24 1.68 13.45 0.27 2.00 
8 13.15 0.29 2.18 13.28 0.25 1.85 14.06 0.21 1.47 
9 5.06 0.22 4.34 5.12 0.23 4.58 4.98 0.22 4.42 
Average wave height of all the wave probes                                                 = 9.84 cm  
Standard deviation of average wave height of all the wave probes               = 2.66 cm  
Coefficient of variance (COV) of average wave height                                = 27.05%      
 
Table 4.3. The time and space averaged wave height over the wave-current interaction 
area for different waves to currents combinations over the movable bed 
Wave-current interaction 




current (u ) 






( cm ) ( cm s ) ( cm ) ( cm ) 
6 10.5 5.99 1.77 
6 13.5 5.96 1.68 
10 10.5 9.84 2.66 
10 13.5 9.91 2.58 
15 10.5 15.27 3.66 
15 13.5 15.40 3.60 
 
4.2.3.3 Three directional velocities  
Figure 4.18 indicates the three directional velocities in the combined wave-
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some ADV measuring stations, this component showed periodic variation, which 
resulted the same wave frequency and small amplitude in comparison to wave 
directional component. This amplitude also depended on the wave to current strength 
ratio, resulting an increase of magnitude for larger ratios. However, the time averaged 
value of current directional velocity, in the combined flow was found to be uniform 









Figure 4.18. Three directional velocity measurements for wave ( 10 , 1.5H cm T s= = ) – 
current (depth averaged 13.5cm s ) interaction at 23.4cm  above the bottom and at 








Figure 4.19. Mean current velocity across the current channel for the combined wave 
( 6 , 1.5H cm T s= = ) – Current (depth averaged 10.5cm s ) flow at 20 cm  elevation 
above the bottom and 4m ,5m  downstream of the honeycomb filter  
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4.2.3.4 Sediment settling in the wave-free zone 
Experiment arrangement was set to trap all the suspended and bed load 
transport (Figure 6.11, Figure 4.3).The currents could carry sediment into the sump, 
through wave-free zone that is 2m in length, over the tailgate and all the sediment 
could not be trapped in the wave-free zone by the provided arrangement. Therefore, 
assuming that the sediment was suspended up to the water surface at the edge of wave-
free zone, its settling behaviour was studied (Appendix B) and based on these 
calculations, the dimensions of the sediment trapping arrangement were selected. It 
was found that the wave-free zone that is 2m  in length was long enough to settle the 
sediment ( 50 0.22d mm= ) before it washed out to the sump over the tailgate (Appendix 
B). Sediment settling analysis confirms that all sediments (suspended load and bed 
load) were collected in the constructed set-up.  
 
4.3 Experimental procedure  
This section briefs the sequence of the experimental procedure in step form for both 
the cases of flow over the fixed and movable bed. The detailed methodology will be 
given in relevant subsections of Chapter 5, Chapter 6 and Chapter 7. 
 
 
4.3.1 Wave-current interaction over the fixed bed 
 
1. The pure current was generated and the three directional velocity profiles were 
measured using the ADV 
2. The pure waves were generated. The ADV was used with a wave probe fixed 
near to the ADV to capture the 3-D velocities and the water surface profiles 
simultaneously. Seven wave gauges were used to monitor the water surface 
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profile inside the basin. One fixed wave gauge and a movable wave gauge 
profiles were monitored using the oscilloscope in measuring the wave lengths.  
 
3. Wave-current orthogonal flow was generated. Nine wave gauge locations were 
used over the interaction area to monitor the water surface profiles. Same 
measurements were taken as described in step 2. 
 
In all the ADV measurements the Kaolin powder was continuously added to get less 
noisy ADV signals and the bed was cleaned before each run to maintain the same 




4.3.2 Wave-current interaction over the movable bed 
 
 
1. The Kaolin powder (used in the ADV measurements) that was deposited in the 
basin, the sump and the overhead tank was properly cleaned and drained out.  
2. The pure current was generated and checked for the sediment transport by 
observing the collected sediment in the sediment collecting arrangement. 
3. The pure waves were generated over initially plane sand bed ( 50 0.22d mm= ) 
until the ripples formed by waves were fully grown, then sediment suspension 
was measured using the OBS. Wave length was measured using a stationary 
and a movable wave gauges. For each pure wave condition movable bed was 
made plane before generation of waves over the movable bed. 
4. Combined wave-current flow was generated. Sediment suspension was 
measured using the OBS. Total sediment transport (bed load and suspension 
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load) was collected (in the sediment collecting arrangement) and weighted after 
oven-drying.  
 
After step 4, The Kaolin powder was mixed with water to obtain accurate ADV 
measurements. 
 
5. The pure current was generated over initially plane sand bed, the three 
directional velocities were measured deploying the ADV. 
6. The pure waves were generated and the velocities (over bed ripples crest and 
trough) were measured after fully growth of bed ripples. The bed was profiled 
using the bed profiler along and across the basin. 
7. The pure currents were generated over the ripples formed by pure waves. The 
current flow direction was parallel to ripple crests. The 3-D velocity 
measurements were taken. 
8. The combined wave-current flow was generated and the three directional 
velocities were measured. Bed ripples that were formed by the combined wave-
current action were profiled along and across the basin.  
9. The pure currents were generated over the ripples formed by the combined 
wave-current flow and the ADV velocity measurements were recorded.  
 
Different pure wave conditions, different depth averaged pure currents and different 
combinations of wave-current interactions were generated in the above steps listed and 







CHAPTER FIVE  
 
 
EXPERIMENTAL RESULTS AND DISCUSSION                      
(FLAT CONCRETE BED)   
 
 
Past experiments on wave-current interaction observed the deviation of 
combined flow current velocity from the logarithmic velocity distribution in the upper 
layer. Therefore it is important to study the upper layer eddy viscosity structure of the 
combined wave-current flow. Moreover, investigation of change of pure wave length 
and phase change between wave directional velocity and water surface elevation by the 
presence of current also will be helpful to understand the wave-current interaction 
mechanisms. Turbulence terms of eddy viscosity ( cν ), which applies to the current and 
turbulence terms of eddy viscosity ( wν ), which applies to the wave of the combined 
wave-current flow are sensitive to the bed roughness height. Therefore, in the present 
experiment, to maintain a uniform bed roughness, the wave-current flow was generated 
over a flat concrete bed.  This Chapter describes experimental finding of eddy 
viscosity structure and water surface parameters of orthogonal wave-current flow. 
 
5.1  Eddy-viscosity structure of wave-current orthogonal interaction  
 
As the turbulence terms were experimentally analysed to study the eddy 
viscosity structure, the ADV data were collected at 100Hz  frequency for 3 minutes 
time for each elevation and the measurements were taken at the centre of the current 
channel at 4.5m  downstream of honeycomb filter. The waves of 1.5s period and 6 cm , 
8 cm , 10 cm  heights were superimposed with depth averaged currents of 12.5 cm s , 
16.5 cm s  over a 40 cm  steady water depth. Distribution of terms ( v w vw v w′ ′− − −  ) of 
the eddy viscosity, which applies to the steady flow and distribution of terms 
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Wave direction  
Direction ( x ) 
Velocity (u ) 
Current direction  
Direction ( y ) 
Velocity (v ) 
Direction perpendicular to 
x, y axes 
Direction ( z ) 
Velocity (w ) 
( j kuw wu uw u w′ ′− − −    ) of the eddy viscosity, which applies to the periodic flow were 
experimentally analysed. 
The derivation and analysing procedure of the terms of the eddy viscosity under the 
combined flow are described below according to Nielsen (1992). 
 









Instantaneous velocity under the combined wave-current flow can be decomposed into 
mean, periodic and fluctuating components. i.e.,  
 
( ), ,u v w     ( ), ,u u u v v v w w w′ ′ ′= + + + + + +                      (5.1) 
Where ,  ,/ denotes mean periodic and fluctuating components 
Inserting Equation 5.1 to the Navier Stokes’ equation in the x  direction gives,  
 
( ) ( ) ( ) ( ) ( ) ( ) ( )u u u u u u u u u u u uu u u v v v w w w
t x y z
′ ′ ′ ′∂ + + ∂ + + ∂ + + ∂ + +′ ′ ′+ + + + + + + + +∂ ∂ ∂ ∂
       
( ) ( )21 p p p u u u
x
νρ
′∂ + + ′= − + ∇ + +∂
                     (5.2) 
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to get the time averaged velocity u , only non-trivial steady contributions from 
Equation 5.2 are extracted, this results, 
21 pu u u u u u u u uu v w u v w u v w u
x y z x y z x y z x
νρ
∂∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′+ + + + + + + + = − + ∇∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
          (5.3) 
 
From the continuity equation,  
0, 0, 0u v w u v w u v w
x y z x y z x y z
′ ′ ′∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + = + + = + + =∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
  
           (5.4) 
then adding 0u v wu
x y z
⎛ ⎞∂ ∂ ∂+ + =⎜ ⎟∂ ∂ ∂⎝ ⎠  to the first three terms, adding 
0u v wu
x y z
⎛ ⎞∂ ∂ ∂+ + =⎜ ⎟∂ ∂ ∂⎝ ⎠
    to the second three terms and adding 0u v wu
x y z
′ ′ ′⎛ ⎞∂ ∂ ∂′ + + =⎜ ⎟∂ ∂ ∂⎝ ⎠  
to the last three terms of left hand side of Equation 5.3 gives 
 




1 p u u u
x x y z
νρ
⎛ ⎞∂ ∂ ∂ ∂= − + + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
                    (5.5) 
 
Separating the terms from Equation 5.5 that represent momentum flux in the vertical 
direction under the label xzτ  
xzτ     u u w uw u wzρν ρ ρ ρ
∂ ′ ′= − − −∂                                (5.6) 
Similarly, taking the phase average on both side of Equation 5.2 and applying 
continuity equation results,  
j
xzτ     j ku u w uw uw u wzρν ρ ρ ρ ρ
∂ ′ ′= − − − −∂
                     (5.7) 
 78
Similar derivation using Navier Stokes equation in y  direction, results   
yzτ     v v w vw v wzρν ρ ρ ρ
∂ ′ ′= − − −∂                 (5.8) 
As 
 
yzτ        c vzρυ
∂= ∂         (5.9) 
 
xzτ        w uzρυ
∂= ∂

         (5.10)  
 
then, 
 cυ       v w vw v wdv
dz
υ′ ′− − −= +        (5.11) 
 
wυ      
j kuw uw uw u w
u
z
υ′ ′− − − −= +∂ ∂
   
       (5.12) 
 
 
For a particular height above the bottom, three directional velocity measurements are 
analysed to quantify the terms as follows. 
    






= ∑                    (5.13) 
 




u z t jT u z
=
= + −∑          (5.14) 
 
( ),u z t′ ( ) ( ) ( ), ,u z t u z t u z= − −             (5.15) 
 
uw    ( ) ( ) ( ) ( )120 120
1 10




u z t jT u z w z t jT w z dt
T = =
⎛ ⎞⎛ ⎞= + − + −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠∑ ∑∫  (5.16) 
 
  juw     uw uw= −                  (5.17) 
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The variation of j, , ,u w uw uw       for a particular position above the bed for the 
combined wave-current flow is shown in Figure 5.1. Data points were analysed as 
described above to obtain the periodic variation over the wave cycle. As the time 
averaged components are nearly zero in both periodic velocity components (u  and w ), 
phase shift between u  and w  is 900 out of phase. This accords with the pure wave 
condition. Each elevation was analysed to obtain the distribution of the eddy viscosity 
dominant terms ( v w vw v w′ ′− − −  , j kuw uw uw u w′ ′− − − −    ) over the water depth with 
three directional velocity measurements for interaction of waves perpendicular to 











Figure 5.1. Variation of  j, , ,u w uw uw        over a cycle for the position of 10cm cm above 
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12.5          8.98
12.5          11.16
16.5          6.98
16.5          9.05
16.5          11.40










































Figure 5.2. Distribution of v w vw v w′ ′− − −      for different wave to current strength 











Figure 5.3. Comparison of vw−     v w′ ′−   profiles for the combined 
wave( 6.98 , 1.5H cm T s= = )-current( 16.5U cm s= ) flow. Measurements at centre of 









































Terms of the eddy viscosity, which applies to the current was found to be 
linearly increasing with height above the bottom. Clearly, the findings indicate that the 
magnitude of these terms increases with the increase in wave height and is independent 
with current strength (Figure 5.2). The possible reason for this variation may be that 



















Figure 5.4. Change of terms of eddy viscosity, which applies to the periodic wave, 
with water surface elevation. Comparison of two elevations is also illustrated. 
Measurements were taken at the centre of the current channel for combined                                 
wave( 9.05 , 1.5H cm T s= = )-current( 16.5U cm s= ) flow  
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The eddy viscosity, which applies to the current was dominantly affected by the wave 
Reynolds stress ( vwρ−   ) in comparison to the effect of other terms (Figure 5.3). It was 
also observed that, wave Reynolds stress significantly increased in the upper layer for 
the case of large wave interactions. This may effect the eddy viscosity in the upper 
layer that influence the current directional velocity of the combined flow to deviate 
from the logarithmic profile.  
It was noted that the overall change of j kuw uw uw u w′ ′− − − −     over a wave cycle 
was nearly zero over the whole water depth (Figure 5.4),  but amplitude of 
j kuw uw uw u w′ ′− − − −      increased linearly with the wave height and elevation above 
bottom (Figure 5.4, Figure 5.5). Therefore comparison of magnitudes of terms of eddy 
viscosity, which applies to the current and wave (Figure 5.2, Figure 5.5) under the 
wave-current perpendicular interaction suggests that the periodic terms of the eddy 
viscosity are dominant in particular phase and therefore, specially in the upper layer, 
time variant eddy viscosity assumption may be appropriate in the derivation of current 
directional velocity profile. Coffey and Nielsen (1984, 1986) with van Doorn’s (1981) 
flume data, found that cυ  estimation was three to four times greater than wυ . But this 
experiment was for parallel case and also the wave to current strength ratio is different 
in comparison to the present experiment. Present experiment results also showed that 
the magnitudes of fluctuating components ( k,v w u w′ ′ ′ ′ ) were uniform over the depth 
and wave Reynolds stress terms ( j,vw uw    ) were dominant in the upper layer in 
determining the eddy viscosities. This consists with Sleath’s (1987) oscillatory water 
tunnel test which found that the periodic terms are dominant in comparison to 
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j k ( )2 2uw uw uw u w cm s−′ ′− − − −   
The variation of ( j kuw uw uw u w′ ′− − − −    ) shows (Figure 5.4) that the maximum and 
minimum peaks are 1800 phase apart and wave directional velocity gradient changes 
from positive to negative over a wave cycle. Therefore, the eddy viscosity, which 
applies to the wave component ( wν ) over a wave cycle was nearly zero. Therefore, 
consideration of eddy viscosity, which applies to the currents ( cν ) may be sufficient in 
determination of mean bed shear stress or sediment transport budget under the wave-











Figure 5.5. Distribution of j kuw uw uw u w′ ′− − − −      for different wave to current strength 




5.2    Water surface parameters (wave length, phase change) of orthogonal  
wave-current flow  
 
Wave lengths were measured in pure wave and in the combined flow using two 
wave gauges and observing their output signals using the oscilloscope. One wave 
gauge was fixed and the other one was mounted on the basin carriage which can be 
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moved accurately to the precision of 0.1 mm  with the computer input control. Carriage 
probe was moved and fine adjustments were done until voltage outputs of two probes 
were in phase (Figure 5.6). The distance between the two probes measures the wave 
length. The initial motion of carriage probe was started very close to the stationary 
probe so that the first wave length was captured in the first phase match. 0.8 s , 1 s , 
1.1 s  wave periods were selected so that at least one wave length interacts with 
perpendicular currents inside the bounded interaction area ( 2 4.1m m× ). 8.75 1cms− , 
15 1cms−  depth averaged currents with 4 cm , 6 cm , 8 cm  regular wave heights were 
superimposed to generate different current to wave strength interactions orthogonally. 
Three sections along the wave direction and two sections along the current direction, 
inside the interaction area were considered and averaged wave length was calculated 
and coefficient of variance was found to be in the range of 0% to 0.6% for the 























Figure 5.6. View of Oscilloscope snap shot of in phase water surface elevations given 
by stationery and moving  wave gauges   
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Table 5.1. Comparison of wave lengths for the pure wave and the combined wave-
current flow  
  





length 18.75U cms−=  115U cms−=  
( )s    ( )cm  ( )cm   ( )cm   ( )cm   
     
0.8 4 98.75 98.08 98.08 
 6 98.80 98.00 98.08 
 8 98.75 97.92 98.17 
     
1.0 4 146.17 144.92 144.75 
 6 146.75 144.58 144.75 
 8 146.67 144.83 145.25 
     
1.1 4 170.42 170.42 170.08 
 6 170.25 170.17 170.25 
  8 170.08 169.75 170.00 
 
 
Table 5.1 compares wave lengths of pure waves and the combined flow. In the       
wave-current perpendicular interaction the pure wave length was not changed 
significantly by the presence of current unlike in the wave-current parallel case. Brevik 
(1980) showed increase in the pure wave length by the presence of following current 
while Thomas (1981) observed reduction in the pure wave length by the presence of 
adverse current with their flume experiments that were conducted over the smooth bed. 
If the flow is assumed to be irrotational, conservation of wave crest reads usual 
irrotational dispersion relation as (Jonsson et al., 1970),   
( )2sin tanha kU gk khω φ− =                   (5.18)  
where , , , ,a k U hω φ  are absolute wave frequency, wave number in the combined flow, 
depth averaged current velocity, wave current interaction angle and water depth 
respectively. For the perpendicular wave-current flow ( 0φ = ), the Equation 5.18 
results in equal wave length under the pure wave and combined flow.  This accords 
with the experimental results for wave lengths. But shear currents present in the 
experiment, lead to a creation of a vorticity profile which may not result an irrotational 
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wave-current field. But Thomas (1981) observed a good agreement between 
irrotational wave theory and wave length measurements, though the presence of 
narrow shear layers in the current near the bed and the free surface. The wave-current 
flow field can be treated irrotational, provided that the vorticity profile is uniform over 
the water depth. For linearly varying current with water depth which velocity profile 
can be represented by a line from bottom to the water surface, the vorticity becomes 
uniform and therefore nearly linear current profile observed in the experiment may 
result an irrotational wave-current field. Moreover, the wave directional oscillating 
velocity (Figure 5.7) remained unchanged due to the presence of current, supporting 
that the flow field was irrotational. In the experiment, interaction of waves normal to 
currents was bound to a limited area, unlike in the case of parallel currents that interact 
with the waves over the whole length of the flume. Therefore, in the experiment, small 
area of wave-current interaction may result to limit the development of a complete 
influence of currents on waves and vice versa that results in unchanged pure wave 
properties which, leads to potential flow agreement.  
 
Velocity measurements and the water surface profile above the ADV were 
captured simultaneously using the wave book and triggering option. The surface 
profile and wave directional velocity for three different elevations above the bottom 
are given in Figure 5.7. The phase shift between the velocity and surface profile was 
determined by averaging the crest and trough shifts over many cycles. For 
perpendicular wave-current interaction, it was found that the wave directional velocity 
profile was in phase with surface elevation over the whole water depth for all wave-
current test conditions. In a wave-current flume, for a uniform current Swan (1990) 
and for shearing currents, Brevik and Aas (1980) observed no phase change between 
















































profile. Therefore, correlation between the surface elevation and wave directional 
velocity profile under wave-current interaction becomes complex and at present, the 
affecting mechanism for phase shift is not completely known specially for 






























Figure 5.7. Simultaneous measurements of surface elevation and wave directional 
oscillatory velocity component in wave-current interaction for 6.5cm  wave height and 
12.5 cm s  depth averaged current. a, b and c graphs are for 2cm , 14 cm , 28 cm  height 
above flat concrete bottom respectively 
    Measurements of wave directional velocity component;           Linear wave theory; 










BED GEOMETRY AND SEDIMENT TRANSPORT  




This Chapter details the experimental results and discussions on the bed 
geometry, sediment suspension and sediment transport of the orthogonal wave-current 
flow. The change of pure wave’s bed ripple pattern, sediment suspension and transport 
by addition of orthogonal currents are separately presented. Experimental results of 
sediment suspension and transport under wave-current flow over the ripple bed are 
compared with theoretical models. Additionally, the roughness of bed ripples formed 
by pure wave is studied mainly to investigate the effect of angle between currents and 




6.1   Pure wave flow   
 
Regular waves (wave height H  = 6 cm , 10 cm  and 15 cm  and wave period T  
=1.5 s ) were generated in 35cm  water depth, over the initially plane sand 
( )50 0.22d mm=  bed. Wave heights were measured in the bed profiling area by 
mounting three wave probes on the movable carriage at 1m  spacing (Figure 6.1). 
Wave heights were monitored at nine locations over the bed profiling area and 
averaged wave height of 80 wave cycles was considered for each sample (surface 
profile measurements with 100Hz ). Three samples were taken at different time 
intervals. Table 6.1 tabulates the averaged wave heights that are calculated for 
different locations. Time and space averaged value of measured wave heights 
(6.12 cm , 9.92cm  and 15.15cm , respectively for 6 cm , 10 cm and 15 cm wave height 
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input to the paddles) was used in the data analysis to relate the wave parameters to the 
ripple pattern.  
 
Table 6.1. Wave height distributions over the bed profiling area for 6cm  regular wave 
height input to wave paddles. Average, standard deviation (Std. dev.) and coefficient 




    
Wave height    
( cm )     
  
  
Probe              Sample 1           Sample 2           Sample 3  











1 5.99 0.038 0.63 6.42 0.100 1.56 6.12 0.039 0.64 
2 6.42 0.026 0.41 6.08 0.025 0.41 6.41 0.033 0.52 
3 6.95 0.033 0.48 6.93 0.051 0.73 6.94 0.031 0.45 
4 6.44 0.017 0.27 6.47 0.020 0.31 6.46 0.017 0.26 
5 6.70 0.021 0.32 6.68 0.020 0.29 6.70 0.022 0.33 
6 6.30 0.024 0.38 6.31 0.017 0.27 6.30 0.022 0.36 
7 5.77 0.032 0.55 5.84 0.037 0.64 5.79 0.033 0.57 
8 5.77 0.032 0.56 5.77 0.023 0.41 5.78 0.027 0.46 
9 4.66 0.026 0.56 4.67 0.027 0.58 4.70 0.022 0.48 
Average wave height of all the wave probes                                                 = 6.12 cm  
Standard deviation of average wave height of all the wave probes               = 0.64 cm  






















Figure 6.1. Bed profiling sections and locations of velocity profiling and location of 
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Rolling-grain ripples appeared first and they appeared within five minutes of 
wave run for both 6cm  and 10 cm  wave heights. Then the ripples continued to grow 
(Figure 6.2) until the fully developed stage and the time taken to form the equilibrium 
ripples was about 20 minutes and 10 minutes under the 6cm  and 10 cm  wave heights, 
respectively. Pure waves were generated, continuously for nearly 3600 wave cycles for 

















Figure 6.2. Bed profile measurements at the centre of wave basin, along the wave 
direction, for different time intervals for 10cm  pure wave height input. Vertical 
distance of zero value represents the concrete bottom 
 
 
The bed profile was measured using the PV-07 electronic bed profile indicator 
(Figure 3.6) mounted on the carriage that has a constant speed of 16.88mm s . 
Oscilloscope was used to capture the profiled data (200Hz ). Five sections, each with a 
distance of 1.5m ,  was profiled inside the basin (Figure 6.1) and the spacing of the 
profiling sections was 0.5m  (Figure 6.1). Figure 6.3 shows photos of ripples that were 




















































Figure 6.3. Bed profiles of pure wave ( 6.12H cm= , 1.5T s= ) runs after 90 minutes 








6.1.1  Vortex Ripples’ Geometry    
 
The ripple height ( rΔ ) and the ripple length ( rλ ) were measured for each ripple 
(Figure 6.4) and the mean value of each section was considered (Table 6.2, Table 6.3) 


















Figure 6.4. Bed profile that formed at section 2 for the pure wave 
( 6.12 , 1.5H cm T s= = ) run over initially plane sand bed  
 
Table 6.2. Measurements of ripple lengths and ripple heights for each ripple formed by 
the pure wave flow ( 6.12 , 1.5H cm T s= = ) at section 2   
Ripple  Ripple length Ripple height  Ripple Ripple length Ripple height 
number rλ  ( cm ) rΔ  ( cm )  number rλ  ( cm ) rΔ  ( cm ) 
1 4.25 0.800  16 5.00 0.900 
2 5.00 1.000  17 3.50 0.620 
3 4.00 0.620  18 4.50 0.700 
4 3.75 0.800  19 3.50 0.640 
5 4.50 0.800  20 4.50 0.800 
6 5.00 1.000  21 5.00 0.650 
7 3.50 0.420  22 4.00 0.800 
8 4.00 0.650  23 3.50 0.500 
9 4.50 0.700  24 3.00 0.440 
10 3.50 0.640  25 3.50 0.620 
11 4.00 0.700  26 4.75 0.860 
12 4.50 0.800  27 4.20 0.800 
13 4.50 0.750  28 3.50 0.640 
14 4.00 0.800  average 4.123 0.723 
15 4.00 0.780  std. dev 0.563 0.142 





































Ripple length ( rλ ) 
Ripple height( rΔ ) 
Ripple number 1 
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Table 6.3. Mean values of measured ripple parameters. The bed ripples were formed 
under the pure wave runs over initially plane sand bed  
Section 6.12 cmwave height   9.92 cmwave height   15.15 cmwave height 
number No. of rλ  rΔ   No. of rλ  rΔ   No. of rλ  rΔ  
  ripples  ( cm ) ( cm )   ripples  ( cm ) ( cm )   ripples ( cm ) ( cm ) 
1 27 3.85 0.714  21 5.50 0.915  22 5.33 0.875 
2 28 4.12 0.723      19 6.07 0.968 
3 25 3.85 0.714  24 5.18 0.876  15 6.27 0.959 
4 30 4.12 0.707      22 5.41 0.847 
5 27 4.14 0.715  25 4.84 0.818  20 5.21 0.786 
Mean   4.02 0.715     5.17 0.869     5.66 0.887 
Std. dev.  0.15 0.005   0.33 0.049   0.48 0.077 
COV  3.81 0.751   6.38 5.598   8.40 8.675 
           
Ripples  
steepness 
r rλΔ  
0.1779 
   
 
0.1681 






The ripples are generally generated when mobility parameter 
( ( )( )20 501u s gdψ = − , 0u  is near bed maximum wave velocity) is less than 250, 
where s  is the specific gravity of sediment. Steady drift of fluid is set-up if an isolated 
disturbance is present in a flat bed. Even a single grain of sediment projecting from the 
bed will set-up the steady drift of fluid and this combined with the oscillatory motion 
initiates the formation of ripples. When the mobility parameter exceeds the limit of 
250, the sheet flow occurs and the ripples are washed out and this results in a plane bed 
(Dingler and Inman, 1976; Horikawa et al., 1982). For these wave alone experimental 
conditions ( 6.12 , 9.92 , 15.15 ,H cm cm cm=  1.5 , 35 ,T s h cm= =  50 0.22d mm= ), the 
maximum value of mobility parameter was 29 and therefore the bed ripples formation 
was expected. These ripples formed by pure waves can be classified as 2-D vortex 
ripples as measured ripple steepness ( r rλΔ ) (Table 6.3) was greater than 0.1 and less 
than 0.25. This wave-formed ripple steepness is large enough to form vortices in the 
lee of the crest. However, the experimentally measured ripple steepness that was less 
than 0.2 did not generate the exact 2-D ripple geometry inside the wave basin (Figure 
6.3). A wave flume experiment on the same wave and bed parameters could expect 
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more uniform profile of the vortex ripples because more accurate 2-D flow conditions 
of pure waves can be simulated in the wave flume (due to narrow width between side 
walls) in comparison to a wave basin set-up. Furthermore, wave runs for a long period, 
could affect the bed for losing its 2-D geometrical bed property inside the basin.  
Increase in the wave height resulted a significant increase of the ripple length 
(Table 6.3). However, the change in ripple height was not significant when wave 
height was increased (Table 6.3). For the 9.92 cm and 15.15 cm  wave heights, the 
ripple heights were almost the same. Flow on the upstream face of the ripple crest and 
reverse flow in its lee tend to carry the sediment up towards the ripple crest and this 
development increases the ripple height. But erosion of the sediment over the crest and 
the gravity force carry sand back down the slope and therefore, ripples develop only to 
a limiting height. At low sediment transport, the length of the ripples is usually directly 
proportional to near bed orbital amplitude ( 0a ) and larger wave height results larger 
near bed amplitude and thus longer ripple lengths.   
The experimental results of the ripples geometry are compared with some of 
available ripple data for non-breaking regular wave conditions. Most of the past 
experiments were conducted in wave flumes for different bed material sizes and flow 
conditions. However, an attempt is made to correlate the ripple parameters with 
mobility parameter (ψ ) as described by Nielsen (1981). Figure 6.5 and Figure 6.6 
compare the present experimental results with past findings.  
Past experimental data and the present findings of wave-formed ripple 
geometry follow the same trend of variation with mobility parameter (ψ ) (Figure 6.5, 
Figure 6.6). Moreover, past data obtained from the wave flume experiments 
moderately accord with vortex ripples that were formed in the wave basin. Therefore, 
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( )( )20 501u s gdψ = −
available wave flume data (irregular waves) for ripple geometry could be accurate 
enough to simulate the nearshore bed geometries. Increase in the mobility parameter 
reduced the dimensionless ripple height ( 0r aΔ ) (Figure 6.5). This is noticeable both 
in the wave basin findings and past experimental data. This could be due to washed out 
of the ripple crests due to increase in the bed shear as a result of large value of the 
mobility parameter. When the mobility parameter approaches a critical value, all the 














Figure 6.5. Comparison of the present basin experiment results with previous data. 
Dimensionless ripple height ( 0r aΔ ) is correlated to the mobility parameter (ψ ). 
















Figure 6.6. Comparison of the present basin experiment results with previous data. 
Ripples steepness ( r rλΔ ) is correlated to mobility parameter (ψ ). Sediment size 50d  
is given in brackets  
  96
Very little theory on vortex ripple formation has been reported probably as the 
nonlinearity of flow mechanisms makes solution of the equation of motion much more 
difficult than for rolling-grain ripples. Theoretical work by Nielsen (1981) (laboratory 
regular wave condition), Madsen (1993) (regular waves) and Van Rijn (1989) 
(irregular waves) were compared with the present experimental findings (Table 6.4).  
 
Table 6.4. Comparison of the experimental findings of wave-formed ripple geometry 
with the theoretical predictions   
                Measured             Nielsen 1981          Madsen 1993           Van Rijn 1990 
Ripple Ripple  Ripple Ripple Ripple Ripple Ripple Ripple 





( cm ) 
rΔ  
( cm ) 
rλ  







( cm ) 
rλ  







( cm ) 
rλ  







( cm ) 
rλ  
( cm )   
6.12 0.715 4.02 0.18 0.695 4.94 0.14 0.615 3.85 0.16 0.671 3.73 0.18 
9.92 0.869 5.17 0.17 0.981 6.90 0.14 0.831 5.25 0.16 1.055 6.04 0.17 
15.15 0.887 5.66 0.16 1.196 8.51 0.14 0.946 6.23 0.15 1.138 7.75 0.15 
 
 
All three models moderately agree with the experimental findings of ripple 
heights and ripple lengths (Table 6.4). Madsen’s (1993) prediction which is based on 
Shields parameter shows more accurate prediction in comparison to other models 
(Table 6.4). Both theoretical works by Nielsen (1981) and Van Rijn (1989) correlated 
the wave formed ripple pattern to the mobility parameter based on the analysis of 
laboratory and field data. When mobility parameter is less than 20, the present and past 
experimental data of ripple steepness show significant deviation from Nielsen’s (1981) 
prediction (Figure 6.6). The Shields parameter may be appropriate in comparison to 
the mobility parameter in the predictions of wave-formed ripple geometry. Magnitude 
of the maximum wave shear velocity ( ,wm pwu∗ ) (function of 0u  and 0a ) that influences 
the sediment motion at the ripple crest determines the Shields parameter but in the 
mobility parameter, the flow is represented by only the near bottom orbital velocity 





Prediction of vortex ripples geometry by Nielsen (1981) is given by 
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( )( )20 501u s gdψ = −  mobility parameter 
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6.1.2   Effective bed roughness scale ripples formed by pure waves  
This section provides the experimental estimations of the bed roughness 
experienced by the pure current flow when the pure current was generated over the 
ripple bed formed by pure waves. The purpose of this estimation is to compare how the 
roughness height changes when ripple geometry changes from 2-D pattern (pure wave) 
to serpentine or honeycomb pattern (wave-current flow) (Section 6.2, Section 7.3.2). 
Additionally, the effect of angle between current direction and 2-D ripple crest on 
roughness height is also studied. These estimations on roughness height are valuable as 
only the basin experiments are efficient on generating currents at an angle over 
movable bed ripples that are generated by pure waves or wave-current flow.   
After the equilibrium bed ripples were formed by the pure wave flow over the 
initially plane sand bed, the two plywood boards at the two ends of the current channel 
were removed to generate the recirculating pure current over the ripple bed that formed 
by pure waves. The pure current flow was parallel to the bed ripple crests. The current 
magnitude was selected [10.5 cm s  of depth averaged current (U ) velocity] such that 
the bed shear stress developed due to the steady flow was less than the critical bed 
shear stress (Appendix D) of the sediment motion so that the bed profile remained 
unchanged before and after the current flow. Figure 6.7 shows the comparison of bed 
profiles before and after the current generation over the ripples formed by pure waves, 
and almost similar profiles are observed. This suggests that the ripple pattern was not 
disturbed by the current flow. The ADV was deployed to obtain the current directional 
velocity profiles at five horizontal locations (Figure 6.1). 1.5cm  vertical intervals were 
selected up to about 15cm  water elevation above the local sand bed and 3 cm  vertical 
distances were selected thereafter to profile the velocity to the water surface. 2 minutes 

































Before current flow  
After current flow  
described in the Section 7.1, semi logarithmic plot of time averaged velocity profile 
was used to determine the bed shear velocity and the physical bottom roughness 
experienced by current flow over the rippled bed. The velocity profiles for each 
















Figure 6.7. Bed profiles measured at section 3 before and after generating the depth 
averaged current of 10.5cm s  over the rippled bed formed by pure waves  
( 9.92H cm= ). The current was generated nearly for five hours over the ripple bed  
 
Table 6.5 and Table 6.6 tabulate the current shear velocity ( cu∗ ) and physical 
bottom roughness ( 0z ) estimated at each location A, B, C, D, E (Figure 6.1). Outliers 
of cu∗  and 0z  were omitted to find the mean. An outlier was found when a data point 
falls outside a range that is greater than 2.5 times IQR (interquartile range) from the 
first quartile and smaller than 2.5 times the IQR from the third quartile. Therefore, 
outliers fall very far from the true mean. Mean value of a data set without outlier is 
close to the true mean in comparison to mean value of a data set with outliers. The 
linear regression analysis of semi-logarithmic plot data shows a good adequacy 
(Section 4.2.1.2) of the regression model as correlation coefficient 0.9731R ≥  in all 
cases. Confidence interval was calculated assuming that each variable has a normal 
distribution (normal probability plot produces straight line).  
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Table 6.5. Current bed shear velocity ( cu∗ ) and the bed roughness ( 0z ) experienced by 
the 10.5cm s depth averaged current flow over the pure wave ( 9.92 , 1.5H cm T s= = ) 
formed ripples. Measurement closest to trough or crest are indicated in the brackets 
Location  Estimated cu∗  Estimated 0z  2R  No. of points for 
  ( cm s ) ( cm )  linear regression 
A (trough closest) 0.632 0.016 0.967 15 
B (crest closest) 0.611 0.016 0.954 15 
C (crest closest) 0.540 outliers 0.975 15 
D (trough closest) 0.675 0.028 0.986 15 
E (trough closest) 0.686 0.025 0.984 15 
Mean 0.629 0.021 0.973   
Standard deviation  0.058 0.006   
COV % 9.255 29.192   
     
95% confidence interval on mean of   , 0.578 0.680c cu cm s u cm s∗ ∗≤ ≤  
95% confidence interval on mean of    0 0, 0.015 0.027z cm z cm≤ ≤   
 
 
Table 6.6. Current bed shear velocity ( cu∗ ) and the bed roughness ( 0z ) experienced by 
the 10.5cm s depth averaged current flow over pure wave ( 15.15 , 1.5H cm T s= = ) 
formed ripples. Measurement closest to trough or crest are indicated in the brackets 
Location  Estimated cu∗  Estimated 0z  2R  No. of points for 
  ( cm s ) ( cm )   linear regression  
A (trough closest) 0.691 0.025 0.950 15 
B (crest closest) 0.636 0.014 0.968 15 
C (crest closest) 0.825 0.069 0.976 15 
D (trough closest) 0.796 0.073 0.971 15 
E (trough closest) 0.783 0.057 0.947 15 
Mean 0.746 0.048 0.963   
Standard deviation  0.080 0.026   
COV % 10.662 55.407   
     
95% confidence interval on mean of     , 0.677 0.816c cu cm s u cm s∗ ∗≤ ≤  
95% confidence interval on mean of     0 0, 0.025 0.071z cm z cm≤ ≤  
 
 
Appendix C details the estimation of Nikuradse’s equivalent sand roughness 
( nk ) and the determination of flow regime for each condition. It was found that the for 
the pure current over the ripples formed by pure waves ( 9.92 , 1.5H cm T s= = ) was a 
transition turbulent flow as 00.6829 30nk cm z= ≈  and 53 70nk u ν∗ = < . Moreover, 
01.4151 30nk cm z= ≈  and 130 70nk u ν∗ = >  for pure current over pure wave formed 
( 15.15 , 1.5H cm T s= = ) ripples resulted rough turbulent flow. The roughness height 
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( 0z ) is a function of both the cu∗  and nk  (Appendix C) in the transition turbulent flow 
that experienced in the current flow over pure wave ( 9.92 , 1.5H cm T s= = ) formed 
ripples. However, in both the cases the Nikuradse’s equivalent sand roughness was 
found to be nearly equal to 030z . 
The Nikuradse’s equivalent sand roughness ( nk ) that is estimated by using the 
experimental velocity measurements represents the total roughness that is the addition 
of the grain roughness ( gk ) and the form roughness ( fk ). The grain roughness was 
estimated by generating the same magnitude of depth averaged current velocity (as in 
current flow over ripples) over the plane sand bed (Section 7.1, Table 7.3). Grant and 
Madsen (1982) proposed that 227.7n r rk λ= Δ . Nap and Van Kampen (1988) reported 
that the form roughness experienced by the pure current flow over the vortex ripple 
bed was seven times the ripple height ( rΔ ). But, in both the predictions the current 
flow condition was perpendicular to the crests of bed ripples. These predictions are 
compared with the present experimental findings (Table 6.7). 
Table 6.7. Experimental estimations of effective bed roughness ( nk ), grain roughness 
( gk ) and form roughness ( fk ) for the pure current flow ( 10.5U cm s= ) over the pure 
wave formed ripples. Current was parallel to the ripple crests 
        Pure wave height ( cm ) Parameter  
9.9200 15.1500 
Mean ripples height, (Table 6.4)  ( rΔ )  ( cm ) 0.8690 0.8870 
Mean ripples length, (Table 6.4)  ( rλ )  ( cm ) 5.1700 5.6600 
Ripples steepness (Table 6.4)  ( r rλΔ ) 0.1681 0.1567 
Roughness height (experiment), (Appendix C)  ( nk ) ( cm ) 0.6829 1.4151 
Grain roughness (experiment), (Table 7.3) ( gk )  ( cm ) 0.0566 0.0566 
Form roughness ( f n gk k k= − ) (experiment) ( fk )   ( cm ) 0.6263 1.3585 
Grant and Madsen (1982), ( nk )  ( cm ) 4.0460 3.8504 
Nap and Van Kampen (1988), ( fk )   ( cm ) 6.0830 6.2090 
 
In case of a movable bed with ripples, the effective bed roughness ( nk ) mainly 
consists of the grain roughness ( gk ) generated by the skin friction force and the form 
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roughness ( fk ) generated by pressure force acting on the bed forms. Estimated 
roughness lengths ( nk ) considerably changed with the ripple steepness (Table 6.7). A 
larger roughness height resulted for lower steepness values. In the pure wave heights 
of 9.92 cm  and 15.15 cm , the ripple heights were almost the same (0.869cm , 
0.887 cm ) but resulted different ripple lengths (5.17cm , 5.66 cm ) (Table 6.7). This 
indicates that the ripple steepness was more dominant to flow resistance than the ripple 
height when the flow is parallel to the ripple crests. However, for large waves 
( 15.15H cm= ), bed formation tends to lose its 2-D ripple pattern and this causes to 
result in less parallel interaction of ripple crests with the current in the flowing 
direction in comparison to the flow over smaller waves ( 9.92H cm= ) formed ripples.  
The mean bed shear velocity considerably increased from 0.629cm s  for flow 
over 0.869r cmΔ = , 5.17r cmλ =  ripples to 0.746 cm s  for flow over 
0.887r cmΔ = , 5.66r cmλ =  ripples (Tables 6.5, 6.6 and 6.7). In both the cases, the 
depth averaged velocity magnitude was the same. The reason for this change could be 
the different flow regimes developed in two cases. In the first run (flow over 
0.869r cmΔ = , 5.17r cmλ = ), the flow was transition turbulent while in the second 
case, that resulted lager bed shear velocity (flow over 0.887r cmΔ = , 5.66r cmλ = ), the 
flow was rough turbulent. Current flow experiences more bed resistance in rough 
turbulent case and therefore near bed velocities under the rough turbulent flow can be 
smaller in comparison to those under transition flow that will result lager velocity 
gradient. Results of roughness estimations (Table 6.7) show that the grain roughness is 
very small (0.0566cm ) in comparison to the form roughness (0.6829cm , 1.4151 cm ) 
(Table 6.7). This suggests that the form roughness is dominant and skin friction forces 
are negligible in comparison to pressure forces acting on the bed forms.  
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Experimental findings of form roughness ( fk ) by Nap and Van Kampen’s 
(1988) and theoretical prediction of roughness height ( nk ) by Grant and Madsen 
(1982) show larger flow resistance (Table 6.7) in comparison to the present 
experimental estimations. As the above researchers considered that the current flow is 
perpendicular to the bed ripple crests, the present estimations suggest that the flow 
orientation to the ripple crests are important in determining the roughness height. The 
roughness length scale increased by a factor of about 4 to 7 (in comparison to Grant 
and Madsen, 1982 theory) when current flow direction changes 00 to 900 to ripple 
crests. Difference in pressure between the forward and leeward sides of the ripples 
induces a pressure drag force due to flow separation that occurs at the crest of the 
ripples when the flow is perpendicular to the ripples. On the other hand, currents 
parallel to ripple crest met up with effectively less steep ripples and hence the 
resistance experienced was expected to be smaller. Roughness scale data for movable 
bed is hardly found in literature for flow parallel to ripple crests as wave flumes only 
facilitate current flow along the flume (flow perpendicular to ripples) and only wave 
basin experiments could produce current flow interaction with ripple (movable bed) 
crests in arbitrary angles. Therefore, the present experimental findings of roughness 
scale data will be valuable.  
 
6.2 Combined wave-current flow  
 
6 cm , 10 cm  and 15 cm  height waves ( 1.5T s= ) were combined with two 
depth averaged currents of 10.5cm s and 13.5cm s to produce six different 
combinations of perpendicular wave-current interactions over the movable sand 
[moderately well sorted fine sand, 50 220d mμ=  (Appendix E)] bed. The bed was 
































form equilibrium ripples under the combined action. Nine wave gauges were located to 
monitor the wave heights over the wave-current interaction area and time and space 
averaged wave heights (Table 4.3) for each wave and current combination was used in 
the discussion of results, for illustrations of figures and to relate flow parameters and 
ripples geometries.    
Five sections, each with 1.5m length were profiled along the basin (Figure 6.1). 
Across the basin, three sections each with 2m in length and 0.5m spacing were 
considered at the centre of the current channel to measure ripple geometry (Figure 6.8). 
Figure 6.9 displays the photos of bed ripples that formed after the wave-current flow. 
To capture these photos, the water inside the basin was slowly drained out without 














Figure 6.8. Measured bed profile along the wave direction at section 3 (Figure 6.1) for 
wave ( 15.4 , 1.5H m T s= = ) – current ( 13.5U cm s= ) interaction. Vertical distance of 
zero value represents the concrete bottom 
 
To find the bed ripple geometry, data were analyzed as explained in the pure 
wave case (Section 6.1.1). Overall mean values of lengths and heights of the bed 
ripples formed by combined wave-current action were calculated by considering the 
measurements of all five sections along the basin. Table 6.8 shows the measured ripple 
geometry under the combined wave-current orthogonal flow and the dimensions of 




















































Figure 6.9. Bed profiles of wave ( 5.99H cm= , 1.5T s= ) - current ( 10.5U cm s= ) 
flow after 90 minutes run over initially plane sand bed     
Currents  
Waves  
12 inch scale 




Table 6.8. Measurements of bed ripple geometry that was formed by different 
combinations of interactions of waves and currents over initially plane sand bed. Wave 
alone case are also compared 
Ripple length 
( ,r wcλ )   
Ripples height 
( ,r wcΔ ) Wave-current  
condition  





















( ,H cm U cm s= = ) ( cm ) ( cm ) ( cm ) ( cm )       
6.12, 0H U= =  4.02 0.15 0.715 0.005 0.1779 137   - 
5.99, 10.5H U= =  3.73 0.58 0.591 0.128 0.1585 133 0.840 
5.96, 13.5H U= =  3.55 0.64 0.513 0.134 0.1448 119 1.085 
        
9.92, 0H U= =  5.17 0.33 0.869 0.049 0.1681 70   - 
9.84, 10.5H U= =  4.37 0.90 0.676 0.170 0.1549 126 0.511 
9.91, 13.5H U= =  4.32 0.73 0.662 0.163 0.1534 117 0.653 
        
15.15, 0H U= =  5.66 0.48 0.887 0.077 0.1567 98  - 
15.27, 10.5H U= =  5.21 1.01 0.769 0.181 0.1476 107 0.330 
15.40, 13.5H U= =  5.19 0.99 0.710 0.172 0.1369 104 0.420 
 
 
The results of the bed ripple geometry (Table 6.8) indicate that the orthogonal 
currents with respect to waves significantly affect the height and the length of the bed 
ripples that were formed by the pure wave flow. The ripple parameters for the pure 
wave ripples (length, height, steepness) were reduced by the presence of currents. 
Higher the relative current strength ( 0U u ) was smaller the ripples size formed 
(length, height, steepness) (Table 6.8).  
With the passing of end of a surface wave crest or trough, an eddy is generated 
at the front or back of the ripple. When orbital wave motion exceeds the critical value 
of the initiation of motion, sand is eroded. Eddy is capable of both trapping the eroded 
sediment and carry them to higher elevation along the ripple slope until the eddy 
explode when wave crest or trough start passing. After the explosion of eddy, the 
current velocity could carry the settling sediment in the third direction in the wave-
current perpendicular flow and this could interrupt the back and forth 2-D transport of 
sediment to a higher elevation along the ripple slope disturbing the development of the 
  107
ripple. This could be the possible reason to observe change in ripple parameters under 
pure wave and combined wave-current flow. Nieuwjaar and Van Kaaij (1987) 
experimentally reported the reduction of pure wave formed ripple height and length for 
the parallel wave-current interaction for the condition of  , 0.75c wm pwu u∗ ∗ <  
( ,,c wm pwu u∗ ∗  current, wave friction velocity) and this describes the similar flow 
condition in the present experiment. But for larger ratios of friction velocity, in the 
Nieuwjaar and Van Kaaij (1987) experiment, wave-current parallel flow resulted larger 
ripple dimensions in comparison to pure wave condition. The wave-current interaction 
angle could have major influence in determining the bed forms as explosion of eddies 
could eject the sediment in particular direction (current direction) and therefore 
strength of the currents, formation and explosion characteristic of eddies, sand size and 
oscillatory flow could contribute in determining the complex geometry of the bed 
ripples under wave-current flow at arbitrary angles.  
 
Based on the visual observations, some different ripple configurations were 
found (Figures 6.9 and 6.10). In the wave-current parallel flow, ripples were formed 
with asymmetrical pattern and in the present experiment, for perpendicular interaction 
90% of ripples were found to be symmetrical. When a relatively strong currents were 
generated, the strait crested property of the ripples which observed in the pure wave 
case (Figure 6.10a) was changed to curve crested (serpentine pattern) (Figure 6.10b) 
and further increase of the current strength, clearly resulted three dimensional 
(honeycomb pattern) ripple geometry (Figure 6.10c,d).  Serpentine ripple pattern was 
also observed by Young and Sleath (1990) by oscillating a movable bed perpendicular 
to steady currents. This pattern could be linked to difference in the two vortex strength 






















water particle path could follow the serpentine line and this could also be related in 















Figure 6.10. Change of ripple configuration from straight crested, serpentine to 3-D 
pattern with the increase in relative current strength ( 0U u ) under wave-current 
perpendicular interaction  
 
The possible reason for serpentine and three-dimensional bed pattern could be 
explained as follows. For example, consider a line on the bed perpendicular to the 
direction of wave propagation. In the pure wave case, at a particular time, suppose the 
low strength vortex explosion occurs along the line. The line undergoes the uniform 
low strength vortex effect and after the time of half of the wave period the line will feel 
the equal high strength vortex effect. Therefore, this line (along its length) 
simultaneously undergoes either low or high vortex strength effect periodically that 
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results straight crested ripple parallel to this line. But when current is present, in 
addition to vortex motion between ripples, the vortex could be carried in the current 
direction. Therefore, now at a particular time, the same line could not feel the equal 
vortex strength along its length due to random placement of high and low vortex 
strength that results serpentine pattern. In other words, in the wave-current 
perpendicular interaction, for relatively weak currents, at a particular time the 
serpentine pattern along the ripple crest could feel the equal low or high strength 
vortex effect and this could be periodic. This means that at a particular time, for low 
current interactions with orthogonal waves, equal strength vortex could be formed 
along a curved line which has serpentine pattern. Therefore when current strength is 
further increased the vortex of strength of different magnitudes may form close to the 
bed in random order over interaction area and on the other hand due to stronger 
current, vortex formation due to current action is also possible. This current formed 
vortex axis is parallel to wave direction. Therefore, interaction of current directional 
and wave directional vortex and its sediment ejection during breaking could occur 
random in space and time and this results more complex three dimensional bed 
geometry under wave-current orthogonal interaction as observed in the experiment.       
 
6.3 Sediment transport under wave-current orthogonal motion  
 
Experimental set-up was facilitated with an arrangement (Figure 6.11) to 
collect current directional suspension and bed load transport of sediment (Section 
4.2.3.4). Transported sediment by current was trapped at the end of the current channel 
(Figure 5.58) before it flows through the tailgate into the sump. This set-up of 
sediment collecting arrangement with the suitable plywood construction ensured the 
collection of all transported sediments (Appendix B). Dry weight of the total sediment 
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transport in the current direction was measured after oven-drying the collected wet 















Figure 6.11. Picture of current transported sediment that is collected inside the trapped 
arrangement under the combined wave- current flow ( 6 , 10.5H cm U cm s= = )  
 
As discussed in the Section 4.2.2.1, nine wave gauges were deployed in the    
wave-current interaction area to monitor the water surface profile and as overall 
standard deviation of cycle averaged wave height of all nine probes (Section 4.2.1.1) 
was small, the time and space averaged wave height was assumed uniform over the 
interaction area where sediment suspension and transport took place. Table 4.3 
summarises this and the current directional sediment transport and suspension were 
related to time and space averaged wave heights in the following section. For each 
combination of the combined wave-current flow, three samples of the sediment 
transported in the current direction were collected and weighted. Sediment was 
weighted after two hours run of wave-current flow for each sample. Before start of 
collecting the sediment, for each sample of each experimental run, the movable bed 
was made flat maintaining more or less the same bed elevation through out the wave-
current interaction area.  
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Table 6.9. Experimentally measured total current transported sediment under 
the combined wave-current action. Samples were collected for two hours over the 
whole width (2m ) of current channel 
Dry weight of total transported 
sediment during two hours across 
two meters 






( kg ) ( kg ) ( kg ) ( kg m hour ) 
5.99 , 10.5H cm U cm s= =  2.91 2.53 2.85 0.6908 
5.96 , 13.5H cm U cm s= =  4.72 3.98 4.3 1.0833 
9.84 , 10.5H cm U cm s= =  35.32 40.34 33.58 9.1033 
9.91 , 13.5H cm U cm s= =  51.83 48.21 54.59 12.8858 
15.27 , 10.5H cm U cm s= =  68.46 73.72 64.32 17.2083 
15.4 , 13.5H cm U cm s= =  109.35 101.21 94.37 25.4108 
 
In the pure current flow, no sediment suspension or transport was observed 
(Section 4.2.1.3) and the presence of waves heavily increased the current related 
sediment transport (Table 6.12). Wave height influence was significant on the total 
current related sediment transport quantity. Sediment transport rates under 10cm  and 
15 cm  wave heights were 12 and 24 times greater respectively in comparison to that 
under 6 cm  waves (Table 6.12). When wave heights became large, increase in current 
strength (10.5 cm s  to 13.5 cm s ) dominated the current related transport rate (Table 
6.12). The bed shear stress under the combined flow is larger in comparison to current 
alone or wave alone flow. This is because, resultant bed shear stress of both wave and 
current component will determine the bed shear stress under the combined flow. 
Therefore, the combined flow bed shear stress can initiate the sediment motion more 
easily in comparison to current alone flow. Current alone flow can not form the ripples 
and therefore, hardly suspends the sediment. In contrast, wave alone flow can suspend 
the sediment but can not transport. Moreover, the sediment that is suspended by the 
wave action is easily transported by currents. Therefore, combined action of wave and 
currents results in much more sediment transport in comparison to pure wave or pure 






WAVE EFFECTS ON CURRENTS 
(MOVABLE BED EXPERIMENT) 
   
 
This Chapter describes the effects on pure currents by the presence of waves. 
Measurements of current velocity profiles under the current alone and the combined 
wave-current flow are detailed. Physical bed roughness, apparent bed roughness and 
current shear velocity are experimentally estimated for both pure current and wave-
current flow. These experimental measurements and estimations in the combined flow 
are compared with predictions of Fredsǿe’s (1984), Christoffersen and Jonsson’s 
(1985) and Grant and Madsen’s (1986) models that describe arbitrary angle wave-
current flow. Modifications to Christoffersen and Jonsson’s (1985) model constants 
are proposed to improve the prediction for 900 wave-current flows and depth averaged 
computations are introduced to Grant and Madsen’s (1986) model to avoid any 
possible error that could cause in the reference point computation. Self-stratification by 
sediment suspension was negligible due to weak suspension property during the 
experimental runs. The weak suspension is because the sediment size is large and wave 
and current conditions are not strong. Therefore, in the combined flow data analysis, 
the effect due to stratification is not taken into account. 
 
7.1  Pure current over plane sand bed  
This section details the flow measurements and calculations of flow parameters 
of steady current flow over plane sand bed ( 50 0.22d mm= ). The purpose of this 
experimental run is to obtain current directional velocity profiles and to estimate 
Nikuradse’s equivalent sand roughness to compare with the current directional velocity 
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profile of the combined wave-current flow to study how the pure current profile is 
affected by the presence of orthogonal waves (Section 7.3).  
Depth averaged steady current of magnitude 10.5 cm s and 13.5 cm s  were 
generated over the plane sand bed ( 50 0.22d mm= ) in 35cm  water depth. These 
current magnitudes were selected to produce bed shear stresses less than the critical 
bed shear of sediment motion (Appendix D). Velocity profiles were measured using 
the ADV at five positions (A, B, C, D and E (Figure 6.1) in the current channel by 
taking fifteen vertical elevations to compute the bed shear velocity ( cu∗ ) and the 
physical bottom roughness ( 0z ) experienced by the current flow. 3000 velocity data in 
the current flow direction were recorded at a particular elevation with 25Hz frequency 
to calculate the mean. Figure 7.1 illustrates the semi logarithmic plot of velocity at 
position B for depth averaged velocity of 10.5cm s . Appendix I gives measured mean 









Figure 7.1. Semi-logarithmic plot at position B (Figure 6.1) for pure current 
flow ( 10.5U cm s= ) over plane sand bed 
 
Wake function (no side wall effect due to shear less boundaries and 5b h > ) 
and free surface effect (no wind over the water surface) were neglected and only log 





















law was used to describe pure current velocity profiles. Therefore, by considering only 








⎛ ⎞= ⎜ ⎟⎝ ⎠
                                                           (7.1) 
 
Equation 7.1 can be rearranged into: 
                                                                                  
u     0ln ln
c cu uz zκ κ
∗ ∗= −                     (7.2)                    
 
Therefore, u  varies linearly with ln z and the linear regression can be used to estimate 
cu∗ and 0z . Thus, from Figure 7.1 and Equation (7.2), cu∗ and 0z can be calculated as 
0.45988cu cm s∗ =  and 0 0.001275z cm= , respectively. 
 
Table 7.1 and Table 7.2 show the calculated current shear velocity ( cu∗ ) and the 
roughness parameter ( 0z ) for all the positions where the velocity profiles were 
obtained. To calculate mean value of bed shear velocity ( cu∗ ) and bed roughness ( 0z ) 
in each flow condition, the outliers of cu∗  and 0z  were omitted.  
 
Table 7.1. Current bed shear velocity ( cu∗ ) and bed roughness ( 0z ) experienced by the 
10.5cm s depth averaged current flow over the plane sand bed 
Location  Estimated cu∗  Estimated 0z  2R  No. of points for 
  ( cm s ) ( cm )  linear regression 
A  0.508 0.00301 0.972 15 
B  0.460 0.00128 0.974 15 
C  0.493 0.00218 0.941 15 
D  0.434  - 0.986 15 
E  0.485 0.00197 0.901 15 
Mean 0.476 0.00211 0.955   
Standard deviation  0.029 0.00072   
COV % 6.172 33.97227   
     
95% confidence interval on mean of    , 0.450 0.502c cu cm s u cm s∗ ∗≤ ≤  






Table 7.2. Current bed shear velocity ( cu∗ ) and bed roughness ( 0z ) experienced by the 
13.5cm s depth averaged current flow over the plane sand bed 
Location  Estimated cu∗  Estimated 0z  2R  No. of points for 
  ( cm s ) ( cm )  linear regression 
A  0.583 0.00136 0.932 15 
B  0.610 0.00204 0.943 15 
C  0.581 0.00097 0.959 15 
D  0.527  - 0.955 15 
E  0.667 0.00354 0.901 15 
Mean 0.594 0.00198 0.938   
Standard deviation  0.051 0.00113   
COV % 8.540 57.24760   
     
95% confidence interval on mean of    , 0.549 0.638c cu cm s u cm s∗ ∗≤ ≤  
95% confidence interval on mean of    0 0, 0.00087 0.00308z cm z cm≤ ≤  
 
 
Appendix C details the estimations of Nikuradse’s equivalent sand roughness 
( nk ) and determination of flow regime for each condition. It was found that the 
0.0567nk cm= , 3.3306 5n ck u ν∗ = >  resulted in smooth turbulent flow for depth 
averaged current of 10.5cm s  and  0.0754nk cm= , 5.53 (5 70)n c n ck u k uν ν∗ ∗= < <  
resulted in transition turbulent flow for depth averaged current of 13.5cm s .  
 
Table 7.3. Theoretical and experimental comparison of roughness length parameter 
( 0z ) and comparison of experimentally estimated grain roughness with the sand size  
Depth average Mean cu∗  Mean 0z  0 9z uν ∗=  nk  sand size 
current experiment experiment theoretical experiment 50d  
( cm s ) ( cm s ) ( cm ) ( cm ) ( cm ) ( cm ) 
10.5 0.476 0.00211 0.00189 0.0566 0.022 
13.5 0.594 0.00198 0.00152 0.0750 0.022 
 
 
When the depth averaged current flow was increased, experimentally estimated 
bed shear velocity ( cu∗ ) also got increased while flow roughness remained almost 
unchanged (Table 7.3). This suggests that the flow experienced only the bed material 
roughness (grain roughness) due to the flow over flat bed (no ripples). But the 
estimated Nikuradse’s equivalent sand roughness ( nk ) (Appendix C) was greater than 
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the sand particle size ( 50 0.22d mm= ) (Table 7.3). This could be because the flow was 
not rough turbulent flow. However, the theoretical values of the roughness length 
( 0 9 cz uν ∗= ) that describe smooth turbulent flow, agree with the experimental 
estimation of 0z  (Table 7.3). Experimentally estimated nk  values (for pure current 
flow over plane sand bed) were treated as grain roughness scale of the flow in 
estimations of form roughness experienced by the current flow over the bed ripples 
(Section 6.1.2, Section 6.2). 
 
 
7.2 Pure current over ripples formed by combined wave-current flow 
 
The same methodology was used as described in Section 7.1 for data collection 
and data analyzing to find the current directional velocity distributions, the physical 
bed  roughness length ( 0 , nz k ) and the bed shear velocity ( cu∗ ) for pure current flow 
over the ripples bed that was initially formed by the wave-current flow. The depth 
averaged current velocity was about 10.5cm s  and the ADV velocity measurements 
were taken at locations A, B and C (Figure 6.1). The bed shear stress was less than the 
critical bed shear of the sediment motion. Therefore, as illustrated in Figure 6.7 (pure 
current over pure wave formed ripples), there were also no changes in the bed ripples 
geometry that was formed by the combined wave-current flow, before and after the 
pure current flow. Figure 7.2 shows the linear regression to the current directional 
velocity profile.  Table 7.4 displays the estimated physical bed roughness length 
( 0 , nz k ) and the bed shear velocity ( cu∗ ) for the pure current over combined flow 
formed ripples.  
Significant variation of estimations of physical bed roughness lengths ( 0 , nz k ) 
and bed shear velocities ( cu∗ ) of pure current flow over wave-current flow formed 
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ripples were found (Table 7.4). In this case, general variation of cu∗  and 0z  was not 
found unlike in the pure current flow over plane sand bed (Section 7.1) or pure wave 
formed ripples (Section 6.1.2). In some bed conditions, the physical bed roughness 
height ( 0 , nz k ) of the combined flow formed ripples was less than the roughness of 
pure wave formed ripples (Table 7.4, Table 6.7), even though wave-current 3-D ripple 
pattern could impose additional resistance to the pure current flow in comparison to   


















Figure 7.2. Linear regression to the velocity profile at position A (Figure 6.1) 
for pure current flow ( 10.5U cm s= ) over the wave-current 
( 15.4 , 1.5 , 10.5H cm T s U cm s= = = ) generated ripples 
 
 
The possible reason for this considerable variation of the cu∗ and 0z  may be due 
to non-uniform complex 3-D formation of the bed ripples geometry by wave-current 
orthogonal flow (Section 6.2). The flow could experience the different resistance from 
different bed patterns (ripples geometry in the sectional view like ripples length and 
height was less than that of pure wave case and plan view variation of serpentine to 3-
D formation, Section 6.2) unlike the plane horizontal bed or straight crested ripples 
bed. However, the results of cu∗ and 0z that are tabulated in Table 7.4 can be used to 
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compare how these parameters are influenced by the presence of waves (Section 7.3). 
For example, increase of the bottom roughness in the combined wave-current flow is 
explained by apparent roughness experienced by the current flow in the combined 
action. Same condition of wave-current flow can be generated while selecting the same 
locations for the ADV measurements.   
 
Table 7.4. Estimation of the physical bed roughness length ( 0 , nz k ) and the bed shear 
velocity ( cu∗ ) for measurements of velocity profile of pure current flow 
( 10.5U cm s= ) over the bed ripples that was formed by combined wave-current flow. 
(T), (C) indicated the ripple trough and crest closest ADV measurements   










































 ( )cu cm s∗  0.6212 (T) 0.6984 (C) 0.7276 (C) 0.6318 (T) 0.6944 (T) 0.7352 (C) 
A 0 ( )z cm  0.0136 0.0305 0.0544 0.0244 0.0394 0.0565 
 2R  0.9725 0.9669 0.9872 0.9839 0.9900 0.9836 
 nk  0.4875 0.9254 1.6032 0.7722 1.1707 1.6650 
        
 ( )cu cm s∗  0.5804 (C) 0.7588 (T) 0.5939 (C) 0.6230 (C) 0.6433 (C) 0.5824 (T) 
B 0 ( )z cm  0.0085 0.0519 0.0141 0.0202 0.0219 0.0098 
 2R  0.9850 0.9775 0.9509 0.9918 0.9893 0.9853 
 nk  0.3451 1.5278 0.5054 0.6638 0.7050 0.3847 
        
 ( )cu cm s∗  0.4767 (T) 0.6402 (C) 0.5712 (T) 0.6524 (C) 0.5847 (T) 0.5467 (T) 
C 0 ( )z cm  0.0011 0.0118 0.0065 0.0177 0.0108 0.0048 
 2R  0.9887 0.9387 0.9765 0.9846 0.9635 0.9565 




7.3 Combined wave-current flow over the movable bed  
 
In the water depth of 35cm , three directional velocities were measured at 
locations A, B, C, D and E (Figure 6.1) for the combined flow of wave-current 
perpendicular flow. Two magnitudes of depth averaged currents (10.5cm s , 
13.5 cm s ) were generated to interact with oscillatory motion in which wave Reynolds 
number range from nearly 34 10×  to 46 10× . The current directional mean velocity at 
particular elevation of the combined flow was calculated by taking the mean of 3000 
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data measurements that were captured for 2 minutes (25Hz ). The measuring 
elevations were taken reference to the local ripple bed. The ADV measurements were 
recorded by (both closest to the ripple crest and trough) moving the ADV vertically 
upwards. 1.5 cm  vertical intervals were selected in the bottom layer up to 15cm  height 
and thereafter, 3cm  intervals were taken in the upper layer for the ADV 
measurements. One wave gauge was fixed very close to the ADV to measure the water 
surface variation above the velocity measuring sample volume and also to capture the 
velocities simultaneously with water surface data. To generate the undisturbed flow, 
the wave gauge was removed for the upper layer velocity measurements. Table 7.5 and 
Figure 7.3 display the wave heights measurements and the current directional mean 
velocity in the combined wave-current flow that measured at location A.  
 
Table 7.5. Measurements at position  A (Figure 6.1). Mean of current directional 
velocity, wave height and standard deviations for the combined flow of wave 
( 6 , 1.5H cm T s= = )-current ( 10.5U cm s= ) and pure current ( 10.5U cm s= ) flow 
over the combined flow formed ripples   
 
                    Combined flow 6.008H cm= , 10.5U cm s=  
  
Pure current over  
wave ( 5.99H cm= )-current 




Current directional velocity 
(3000 data) 






z  Mean Sta. dev. Mean Std. dev.   
( cm ) ( cm s ) ( cm s ) ( cm ) ( cm s ) ( cm ) ( cm s ) 
1.20 4.92 3.253 6.01 0.180 1.08 6.61 
2.80 6.73 3.119 5.96 0.189 2.48 7.85 
4.50 8.43 3.202 5.91 0.183 3.98 8.63 
6.20 9.15 3.303 5.91 0.207 5.40 9.76 
8.00 9.93 3.303 5.87 0.169 6.91 10.02 
9.86 10.15 3.310 6.13 0.127 8.78 9.96 
11.50 10.17 3.242 6.10 0.137 10.03 10.12 
12.30 10.56 3.433 6.03 0.141 11.50 10.66 
13.61 10.69 3.418 6.07 0.169 12.76 10.88 
14.70 10.82 3.401 6.09 0.132 14.10 11.01 
17.59 11.33 3.388 6.008 0.163 17.12 11.01 
20.54 11.66 3.581   20.10 11.32 
23.65 12.06 3.686   23.01 11.47 
26.70 12.34 3.737   26.10 11.55 


























Current velocity of combined flow
y = 2.3994x + 4.5572
R2 = 0.9858






















































Figure 7.3. Velocity profiles, semi-logarithmic plots, linear regressions of current 
directional velocity profiles in the combined wave-current flow and in the pure current 
case. Measurements at location A (Figure 6.1) for wave ( 6 , 1.5H cm T s= = )-current 
( 10.5U cm s= ) flow   
 
The current velocity profile in the combined flow above the wave-current boundary 













⎛ ⎞= ⎜ ⎟⎝ ⎠
                                (7.3)                                    
 
Therefore, by using the linear regression for semi-logarithmic data (Figure 7.3) and 
Equation 7.3, it is possible to find the apparent bottom roughness and the current 
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friction velocity of the combined wave-current flow (Kemp and Simons 1982, 1983; 
Grant and Williams, 1984; Sleath, 1990; Drake et al. 1992). For accurate estimations, 
the combined flow measurements in the bottom layer (up to about 15 cm  above the 
bottom) were used for the linear regression as close to the free surface the current 
velocity in the combined flow tend to deviate from log law (Kemp and Simons, 1982; 
Van Rijn and Havinga, 1995; Fredsǿe et al., 1999). Additionally, because of the ADV 
instrument error, the effect on the estimations on slope and intercept was checked by 
adding ± 1% velocity magnitude to a measured point and observing the change in 
estimations. It was found that change is only 0.8% and 2.5% for estimation of slope 
and intercept respectively with the consideration of instrument error.    
For the illustrated wave current case (Table 7.5, Figure 7.3) 
 
For combined flow over the ripples bed  
,c wcu
κ
∗   2.3994= →               , 0.9598c wcu cm s∗ =  
( ), 0lnc wc au zκ∗
−
4.5572= →                0 0.14967az cm=  
For pure current flow over initially combined flow formed ripples  
cu
κ
∗   1.553= →                     0.6212cu cm s∗ =  
( )0lncu zκ∗
−
 6.6707= →                    0 0.01363z cm=  
 
For the illustrated case, current directional bed shear under combined flow is 
, ,b c wcτ  2,c wcuρ ∗= 2 21000 0.009598 0.09212N m= × =  
Results of all the other wave current interaction cases are given in Table 7.6. 
Here, υ  is the kinematic viscosity of fluid. Magnitude of n ck u υ∗  determines the flow 
regime. To determine the flow regimes under wave-current interaction, the following 
criterion is used, that is n ck u υ∗  value less than 5 and greater than 70 represents 
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smooth and rough turbulent flow, respectively. Other values of n ck u υ∗  give transition 
turbulent flow. Here, nk  is given by;  










⎧ ⎫⎛ ⎞= − − +⎨ ⎬⎜ ⎟⎝ ⎠⎩ ⎭
                                          (7.4)     
This same method was used by Tanaka and Shuto (1984), Myrhaug and Slaattelid 
(1990).  In the present experiment, this method was used to determine the flow regime 
under the wave-current perpendicular interaction. Physical bottom roughness was 
estimated as describe in Section 7.2 by generating the pure current over the ripples that 
were initially formed by the wave-current flow. Coupling the results of cu∗ and 0z of 
wave-current interaction (Table 7.5, Figure 7.3) with Equation 7.4 ( 7 2 18.1 10 m sυ − −= ×  
at 280 C) results in , 53n c wck u υ∗ =  and therefore, wave-current flow was found to be 
transition turbulent (nearly rough turbulent) for this case. But 95% of experimental 
wave-current runs (Table 7.6) were found to be rough turbulent.   
 
7.3.1 Current directional velocity distribution  
 
Figure 7.4 compares profiles of the pure current flow over the wave-current 
formed ripples with the profiles of current velocity in the combined wave-current 
flows. In the Figure 7.4, different profiling positions (A, B, C, D and E; Figure 6.1) are 
given with one combination of wave-current interaction in which current component 
has the same pure current depth averaged ( 10.5U cm s= ) magnitude. In contrast, 
when relatively different large waves were superimposed, the change of current 
profiles in the combined flows is shown in Figure 7.5. Here, the measurements were 
taken at a particular location for different wave height interaction with depth averaged 
current of 13.5U cm s= . Results of the mean current velocities of the combined and 
the pure current flows for other test cases are tabulated in Appendix I.4.   
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 Pure current velocity distribution 
 Current directional velocity distribution in the wave-current combined flow  








































































































































































Figure 7.4. Comparison of current directional velocity (time averaged) distribution in 
presence and absence of orthogonal waves. Pure current (depth averagedU = 10.5 

























































































































































































Figure 7.5. Current directional velocity profile (Time averaged) in the combined wave- 
current flow that measured at different locations for different height of wave 
interaction with depth averaged current of 13.5cm s . Pure current (depth averaged   
U = 13.5 cm s ) was generated over plane sand bed   
 
 
In all the experimental runs of the orthogonal wave-current interaction, the 
current directional velocity profiles significantly deviated from that of the pure current 
flow profiles. Near bed velocities of the pure current was reduced by presence of the 
waves as opposed to increase of the pure current velocity in the upper layer by addition 
of waves (Figure 7.5). Near bed velocity gradient was also increased in the combined 
flow in comparison to the pure current. These effects were more pronounced in the 
case of relatively weak currents and relatively high waves (Figure 7.5). For larger 
waves ( 18.64H cm= , 15.07H cm= , 18.64H cm= , 16.56H cm= and 21.73H cm= ; 
in Figure 7.5) interaction, the maximum velocity of the current directional velocity 
profile of the combined flow occurred at intermediate water depths and the magnitude 
was much larger than that of the pure current velocity magnitude at that elevation.  
Inside the wave boundary layer, turbulence generated by the waves and the 
currents motion will affect the velocity profile of the current. If additional turbulence is 
generated by the presence of waves, then this could result in the change of near bed 
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current velocities and this also will affect the upper layer to change accordingly to 
satisfy the same mass flow of the fluid. Therefore, change in the near bed pure current 
velocities suggests that in all the experimental runs, presence of waves generate an 
additional turbulence which is strong enough to affect the pure current velocity profile. 
Turbulence generated by the wave-current action could be proportional to oscillatory 
Reynolds number and therefore stronger turbulence can be expected in relatively large 
waves which resulted much deviation of mean current profile in comparison to that of 
pure current flow. As near bed pure current velocities were reduced in the combined 
flow, it can be concluded that the current in the combined flow experienced a larger 
resistance in comparison to the pure current flow. In other words, the combined wave-
current flow increases the bottom roughness that is experienced by the current and this 
concept is reflected in many theoretical models (Grant and Madsen, 1979; Fradsǿe, 
1984; Christoffersen and Jonsson, 1985) by an apparent roughness height ( 0 ,a naz k ), 
which is larger than the physical bed roughness height ( 0 , nz k ).  
To study the current velocities of the combined wave-current interaction at 
intermediate and upper layer elevations, it could be important to consider not only the 
bed effect but also the current experienced eddy viscosity of the combined flow. 
Nielsen (1992) showed the importance of the current experienced eddy viscosity in the 
wave-current interaction on the current velocity of the combined flow. Change of eddy 
viscosity profile by presence of waves will influence the change in pure current 
velocity profile. Wave Reynolds stress ( vwρ−   ) dominates eddy viscosity under the 
combined flow. In the perpendicular wave-current interaction, the wave Reynolds 
stress could be small due to the undisturbed steady velocity component in the current 
direction. But presence of relatively large waves resulted considerable periodic (time 
series) variation of current velocity (v ) that is capable of influencing the pure current 
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eddy viscosity structure. In large waves, in addition to change in the bed resistance, the 
effect of the wave Reynolds stress also could be dominant in the investigation of the 
current velocity profile in the combined flow. The effect of the wave Reynolds stress 
may be the possible cause to observe much deviation in combined flow current profile 
in comparison to the pure current flow for the experimental runs with relatively large 
waves interaction. Periodic velocity component in upward direction w  increases with 
height above the bottom in the oscillatory flow and therefore, having the maximum 
effect at the free surface, effect of wave Reynolds stress could decrease in the 
downward direction. For relatively large waves interaction, this effect could penetrate 
to the intermediate depth. Therefore, combined effects of wave Reynolds stress (free 
surface to intermediate depth) and bed roughness (bed to free surface) may results 
maximum current velocity at intermediate depth in the combined wave-current flow. 
This phenomenon is similar to open channel flow with an opposing free surface wind 
flow that applies negative free surface effect on the velocity profile.  
There are many experimental investigations studying the effect of waves on 
pure current profile. But most of these experiments were conducted in the wave 
flumes, investigating opposing or following currents interactions with waves. These 
experiments (Bakker and van Doorn, 1978; Brevik and Aas, 1980; Kemp and Simons, 
1982, 1983; Suphharatid and Tanaka, 1992; Van Rijn et al., 1993) on rough beds also 
inferred reduction in near bed pure current velocity and the increase in intermediate or 
upper layer (current velocity) by the presence of parallel waves. Sleath (1990) also 
reported the similar change of pure current velocity profile by mechanically oscillating 
the bed perpendicular to the current flow. Therefore, it can be concluded that the 
reduction of near bed pure current velocity takes place by presence of waves under 
rough bed conditions regardless of interaction angle but its magnitude of velocity 
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reduction could depend on the wave-current orientation. Wave Reynolds stress is more 
dominant in parallel wave-current flow case in comparison to the orthogonal wave-
current interaction. However, at present the variation of wave Reynolds stress with 
interaction angle and its effect on current velocity is not well known and therefore 
general conclusion can not be made on the change of pure current velocities in the 
intermediate and upper layers by the presence of arbitrary angled waves.     
 
 
7.3.2 Bed shear stress and hydraulic roughness height   
 
As explained in the beginning of Section 7.3, current directional bed shear 
stress of the wave-current orthogonal interaction and the apparent roughness 
experienced by the current flow of the combined flow were found for each wave-
current combination by measuring the current directional velocity profiles. These 
results are tabulated in Table 7.6. The combined flow increased the current exerted bed 
shear stress in comparison to that of current alone flow (Table 7.6, Figures 7.6, 7.7). 
Increase of wave Reynolds number and friction velocity ratio ( ,wm pw cu u∗ ∗ ) resulted 
the increase in current related bed shear stress (Figures 7.6, 7.7). Current related bed 
shear in the combined flow ( , ,b c wcτ ) was a factor 3 to 12 larger than the bed shear stress 
for a current alone flow. The apparent bottom roughness was found to be larger than 
the physical bottom roughness (Table 7.6).  
Increase of the flow resistance for the mean current due to wave action will 
cause a large bed shear stress for a given flow. As explained in Section 7.3.1, apparent 
roughness is expected to be larger than the physical bottom roughness and this fact is 
experimentally observed. Increase of velocity gradient very close to the bed is resulted 
by reduction of current velocity by presence of waves (due to the increase of 








Table 7.6. Estimations of current friction velocity in the combined flow ( ,c wcu∗ ) ( ±  
indicate 90% confidence interval on estimation of ,c wcu∗ as describe in the Section 
4.2.1.2) , bed shear stress exerted by the current component of the combined flow 
( , ,b c wcτ ), apparent bed roughness ( 0az ) for measurements at locations A, B, C, D, E for 
different wave-current combinations. Friction velocity ( cu∗ ) and physical bed 
roughness ( 0z ) under the pure current is also compared   




over initially rippled 
bed 
Pure current over 
initially plane sand 
bed 
U  H  ,c wcu∗  , ,b c wcτ  0az  2R  cu∗  0z  cu∗  0z  
( cm s ) ( cm ) ( cm s ) ( 2N m ) ( cm )  ( cm s ) ( cm ) ( cm s ) ( cm ) 
10.5 6.01 0.9598 ± .032 0.0921 0.1497 0.9858 0.6212 0.0136 0.4762 0.0021 
10.5 10.51 1.0238 ± .043 0.1048 0.1594 0.9741 0.7276 0.0544 0.4762 0.0021 
10.5 17.49 1.1622 ± .037 0.1351 0.1799 0.9807 0.6944 0.0394 0.4762 0.0021 
13.5 8.62 1.3310 ± .029 0.1772 0.2216 0.9881 0.6984 0.0305 0.5936 0.0020 
13.5 11.67 1.4520 ± .021 0.2108 0.3208 0.9934 0.6318 0.0244 0.5936 0.0020 
13.5 15.07 1.3558 ± .040 0.1838 0.1386 0.9773 0.7352 0.0565 0.5936 0.0020 
10.5 7.18 1.1142 ± .035 0.1241 0.2913 0.9829 0.5804 0.0085 0.4762 0.0021 
10.5 11.28 1.3128 ± .021 0.1723 0.3803 0.9934 0.5939 0.0141 0.4762 0.0021 
10.5 18.64 1.6892 ± .023 0.2853 0.6386 0.9926 0.6433 0.0219 0.4762 0.0021 
13.5 7.72 1.4411 ± .026 0.2077 0.3068 0.9905 0.7588 0.0519 0.5936 0.0020 
13.5 13.40 1.5444 ± .043 0.2385 0.3539 0.9741 0.6230 0.0202 0.5936 0.0020 
13.5 18.64 1.6564 ± .043 0.2744 0.2428 0.9741 0.5824 0.0098 0.5936 0.0020 
10.5 5.75 1.0035 ± .025 0.1007 0.1674 0.9912 0.4767 0.0011 0.4762 0.0021 
10.5 9.49 1.2258 ± .044 0.1503 0.2402 0.9729 0.5712 0.0065 0.4762 0.0021 
10.5 15.73 1.3381 ± .015 0.1791 0.3175 0.9968 0.5847 0.0108 0.4762 0.0021 
13.5 7.19 1.2882 ± .026 0.1659 0.1738 0.9904 0.6402 0.0118 0.5936 0.0020 
13.5 11.12 1.5171 ± .069 0.2302 0.2826 0.9362 0.6524 0.0177 0.5936 0.0020 
13.5 16.56 1.8394 ± .044 0.3383 0.3443 0.9726 0.5467 0.0048 0.5936 0.0020 
10.5 4.40 1.1524 ± .030 0.1328 0.2631 0.9870 0.5804 0.0085 0.4762 0.0021 
10.5 7.28 1.4535 ± .017 0.2113 0.6972 0.9958 0.5939 0.0141 0.4762 0.0021 
10.5 13.23 1.4153 ± .036 0.2003 0.4189 0.9821 0.6433 0.0219 0.4762 0.0021 
13.5 5.63 1.3878 ± .022 0.1926 0.2733 0.9930 0.7588 0.0519 0.5936 0.0020 
13.5 8.45 1.5138 ± .044 0.2292 0.3313 0.9727 0.6230 0.0202 0.5936 0.0020 
13.5 12.13 2.1337 ± .023 0.4553 0.7314 0.9924 0.5824 0.0098 0.5936 0.0020 
10.5 9.85 0.9218 ± .059 0.0850 0.0658 0.9515 0.5804 0.0085 0.4762 0.0021 
10.5 15.36 1.3410 ± .048 0.1798 0.4725 0.9683 0.5939 0.0141 0.4762 0.0021 
10.5 21.80 1.1354 ± .086 0.1289 0.5232 0.9040 0.6433 0.0219 0.4762 0.0021 
13.5 9.50 0.8483 ± .052 0.0720 0.0146 0.9617 0.7588 0.0519 0.5936 0.0020 
13.5 14.89 1.3582 ± .066 0.1845 0.1903 0.9416 0.6230 0.0202 0.5936 0.0020 
13.5 21.73 2.0762 ± .042 0.4311 0.5996 0.9748 0.5824 0.0098 0.5936 0.0020 
 
 
larger than that of current alone flow. In the combined flow, when the wave height is 
large, the currents experience more roughness and thus near bed velocities were further 











































,wm pw cu u∗ ∗
stress) in comparison to relatively small waves with current flow. Comparison of 
current exerted bed shear stress with and without waves (Table 7.6) suggests that the 
oscillatory bed shear significantly influence the current shear that is 900 to oscillatory 
















Figure 7.6. Change of current directional bed shear stress with Reynolds number. 


















Figure 7.7. Change of current directional bed shear stress with friction velocity ratio. 
Here ,wm pwu∗ is peak wave friction velocity, , ,b c wcτ  is current associated bed shear stress 







7.3.3 Comparison of experimental measurements with existing theoretical 
models and suggestions to modify the models   
 
There are very few theoretical models developed to describe arbitrary angle 
wave-current interactions and these models are not thoroughly validated for 900   
wave-current interaction unlike 00, 1800 (wave flumes experiments) interactions due to 
the lack of availability of the data on the wave basin experiments. This section 
provides the comparison of the experimental measurements (900 wave-current flow) of 
the current velocity in the combined wave-current flow, the experimental estimations 
of current associated bed shear stress, current experienced flow roughness (apparent 
roughness) in the combined flow with the theoretical computations of Fredsǿe (1984), 
Christoffersen and Jonsson (1985) and Grant and Madsen (1986) models that describe 
wave-current flow at arbitrary interaction angles.     
Modification to the numerical constants of Christoffersen and Jonsson (1985) 
model was suggested based on the present experimental measurements. The accuracy 
of the modification was further checked with an oscillating plate experiment (which 
physically modeled the orthogonal wave-current interaction) that was conducted by 
Sleath (1990). The thickness of the wave-current boundary layer was selected for the 
Grant and Madsen’s (1986) model after comparing the present experimental 
measurements and estimations with the predictions. Modification to this model is also 
proposed by considering the depth averaged currents instead of adopting one reference 
point measurement which can cause a large error if the selected point (reference point) 
measurement is wrong. This modification is mainly suitable for laboratory experiments 





7.3.3.1 Christoffersen and Jonsson (1985), Fredsǿe (1984) models 
 
Christoffersen and Jonsson (1985) proposed an analytical solution to describe 
current directional velocity and associated bed shear stresses in the combined          
wave-current motion. A simple two layer eddy viscosity distribution (above and below 
wave-current boundary layer) was used. Numerical constants of the model were 
selected based on the experimental and theoretical considerations. Model I, that is 
proposed for large roughness was used to compare the present experimental 
measurements with an appropriate check ( , 3.47c wc n aJ u k ω∗= < ). This model was 
validated for parallel currents (Bakker and van Doorn, 1978 ( 00φ = ); Kemp and 
Simons, 1982,1983 ( 0 00 ,180φ = )) but lacks the validation for arbitrary angles wave-
current flow. Fredsǿe (1984) described the arbitrary angle wave-current flow using the 
depth-integrated momentum equation with the assumption of logarithmic velocity 
profile both inside and outside wave boundary layer. The iterative graphical method 
was used for evaluating the model parameters. This model was also validated only for 
parallel currents.   
Figure 7.8 shows the comparison of experimentally measured time averaged 
current velocity profiles in the combined wave-current motion in this study with that of 
the predictions by using the  Christoffersen and Jonsson’s (1985) and Fredsǿe’s (1984) 
models. Table 7.7 tabulates the experimentally estimated apparent bed roughness ( 0az ) 
and current associated bed shear stress ( 2, , ,b c wc c wcuτ ρ ∗= ) in the combined flow and 
also their theoretical values according to Christoffersen and Jonsson (1985) and 
Fredsǿe (1984). Comparisons for other test cases are given in Appendix I.4. Original 
model constants ( 0.45, 0.0747r β= = ) that are proposed by Christoffersen and 
Jonsson (1985) are used for the results presented in Figure 7.8 and Table 7.7 under 
their model.  
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Table 7.7. Experimental values of apparent roughness and current associated bed shear 
stress of the combined wave-current flow compared to Christoffersen and Jonsson 
(1985) and Fredsǿe (1984), Grant and Madsen (1986) 
 Predictions 
          
Position      













H  U   0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
  ( cm ) ( cm s )  ( mm ) ( 2 2mm s− ) ( mm ) ( 2 2mm s− ) ( mm ) ( 2 2mm s− ) ( mm ) ( 2 2mm s− ) 
A 6.01 10.5  1.50 92 0.80 68 0.50 57 1.07 80 
 10.51 10.5  1.59 105 3.30 131 2.25 107 4.02 191 
 17.49 10.5  1.80 135 3.13 128 3.18 130 5.14 246 
 8.62 13.5  2.22 177 1.75 158 1.11 129 2.15 180 
 11.67 13.5  3.21 211 1.64 153 1.26 135 3.24 223 
 15.07 13.5  1.39 184 3.68 231 3.04 205 4.75 362 
            
B 7.18 10.5  2.91 124 0.56 60 0.41 53 0.98 73 
 11.28 10.5  3.80 172 1.11 78 0.95 73 2.03 123 
 18.64 10.5  6.39 285 2.00 102 2.05 103 4.06 210 
 7.72 13.5  3.07 208 2.62 192 1.47 144 3.35 233 
 13.40 13.5  3.54 239 1.48 146 1.20 133 2.55 202 
 18.64 13.5  2.43 274 0.88 117 0.90 118  -  - 
            
C 7.19 13.5  1.74 166 0.66 105 0.41 89 0.93 120 
 11.12 13.5  2.83 230 1.21 134 0.90 118 1.87 186 
            
D 4.40 10.5  2.63 133 0.44 55 0.24 45 0.51 65 
 7.28 10.5  6.97 211 0.91 72 0.63 63 1.41 82 
 5.63 13.5  2.73 193 2.30 180 1.11 128 2.10 174 
 8.45 13.5  3.31 229 1.20 133 0.75 111 1.59 157 
            
E 15.36 10.5  4.73 180 1.27 83 1.27 82 3.00 128 
  14.89 13.5   1.90 184 1.55 149 1.32 139 2.69 236 
 
Both theoretical models moderately accord with experimental measurements of 
time averaged current velocity in the orthogonal wave-current flow (Figure 7.8). 
Increase of the wave height resulted deviation of experimental measurements of 
current velocities from that of theoretical predictions (Figure 7.8). However, the results 
from both theoretical models showed good agreement with the experimental data in the 
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Figure 7.8. Comparison of experimental current velocities of wave-current 
perpendicular interaction with Christoffersen and Jonsson’s(C & J)(1985) , Fredsǿe’s 
(1984) and Grant and Madsen;s (G &M) (1986) models. (water depth 35h cm= , wave 
period 1.5T s= ) Pure current profiles also given 
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There are many experimental evidence (Bakker and van Doorn, 1978; Kemp and 
Simons, 1982; Van Rijn and Havinga, 1995; Fredsǿe et al., 1999, present experiment) 
to support the fact that generally current velocities in the combined flow increase 
logarithmically (bottom to intermediate depth) and decrease towards the free surface 
(not following the log law close to the free surface). This effect becomes more 
pronounced when the wave height increases for a given current velocity (Kemp and 
Simons, 1982; present experiment). Therefore, predictions based on depth averaged 
current velocity (Christoffersen and Jonsson, 1985;  Fredsǿe, 1984) with the 
assumption of logarithmic profile up to the free surface will not simulate the actual 
wave-current interaction and this may be the reason for the deviation of the  
experimental current velocity measurements with the prediction of  Christoffersen and 
Jonsson’s (1985) and   Fredsǿe’s (1984) theory for large waves. This implies the 
inadequacy of the models based on depth averaged computations. Additionally, 
Christoffersen and Jonsson (1985) assumed parabolic eddy viscosity distribution in the 
upper layer. Therefore, velocity deviation in the upper layer from the theoretical 
predictions suggests that the parabolic assumption of the eddy viscosity may not be 
suitable in the upper layer, due to the effect of wave Reynolds stress (Section 7.3.1 and 
Section 5.1) which is dominant in the interaction of large waves. Therefore, 
investigation of effects of wave Reynolds stress on eddy viscosity distribution could be 
helpful in the modification of these models. However, the reduction of near bed pure 
current velocities due to increase in roughness by presence of waves, is accurately 
predicted by both models (Figure 7.8). 
For most of the test cases, both models underestimated both the apparent 
roughness and current bed shear stress of the combined wave-current flow (Table 7.7). 
For Christoffersen and Jonsson’s (1985) model, one interpretation of this would be the 
improper selection of model constants for 900 wave-current interaction. These values  
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Table 7.8. Sleath (1990) experimental results in comparison to Christoffersen and 
Jonsson (1985) original and modified models. 0.0782m s  depth averaged current over 
0.1m  height above the bottom was considered for computation. 
0 0.67053 30.2nz mm k= =  
Christoffersen and Jonsson (1985) 
Modified Original Experiment 
0.7, 0.121r β= =  0.45, 0.0747r β= =  
0 0az z  
2
,c wcu∗  0 0az z  
2
,c wcu∗  0 0az z  
2
,c wcu∗  
Test case 
 ( 2 2mm s− )  ( 2 2mm s− )  ( 2 2mm s− ) 
0 0.14 , 2.43a m T s= =  13 484 13 454 7 236 
0 0.14 , 4.39a m T s= =  21 400 10 321 6 193 
0 0.14 , 2.92a m T s= =  16 576 12 410 7 223 
 
( 0.45, 0.0747r β= = ) were selected based on the bed shear velocity (current 
associated) measurements (Kemp and Simons, 1982, 1983) for parallel current 
experiments. Therefore, considerable difference that exists between this theory and 
experimental estimation suggests that the model constant could depend on the 
interaction angle. Based on the present experimental measurements for wave-current 
perpendicular interaction over the movable bed (rough turbulent), the model constants 
were suggested to be modified as 0.70, 0.121r β= = . These modified values for 
Christoffersen and Jonsson (1985) model to describe wave-current 900 interaction was 
selected so that many of experimental estimation of bed shear velocity (14 out of 20 
test runs better predicted under modified values in comparison to original values) and 
apparent roughness heights (13 out of 20 test runs better predicted under modified 
values in comparison to original values) are compatible to theoretical predictions. 
Prediction of current velocity profile in the combined flow by using the Christoffersen 
and Jonsson (1985) model for modified constants did not change the velocity profile 
significantly in comparison to original values. Suggested modifications to the 
Christoffersen and Jonsson (1985) model for 900 interactions were also compared with 
Sleath’s (1990) oscillating bed experiment (Table 7.8). This experiment also described 
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the orthogonal wave-current interaction. These experimental results also confirm the 
suitability of change of model constants (Table 7.8) with interaction angle for better 
predictions.   
 
 
7.3.3.2 Grant and Madsen (1986) model    
 
Grant and Madsen (1986) proposed a linear variation of eddy viscosity i.e., 
,c wcu zε κ ∗=  above wave current boundary layer and ,wcm wcu zε κ ∗=  below the        
wave-current boundary layer and based on this, a simple iterative solution was 
obtained to describe arbitrary angle wave-current flow. In this model, wave-current 
boundary layer thickness ( wcδ ) is required to proceed with the iterative calculations. 
However, Grant and Madsen (1986) noted the difficulty of selecting the accurate 
thickness of wave-current boundary due to the uncertainty associated with estimating 
physical bottom roughness length ( 0z ) and lack of qualitative wave-current 
experimental data and hence the model is not completely validated. Based on the 
comparison of the linear wave model of Trowbridge & Madsen (1984) with the data of 
Jonsson & Carlsen (1976), ,wc wcm wcuδ κ ω∗=  is suggested. On the other hand, 
considering the distance required to the solution for the velocity within the wave 
boundary layer, Grant and Madsen (1986) suggested that ,2wc wcm wcuδ κ ω∗= . 
Therefore, for rough turbulent flow, Grant and Madsen (1986) recommended a value 
for wave-current boundary layer thickness between  ,wcm wcuκ ω∗  and ,2 wcm wcuκ ω∗ . 
 
 
In this study, an attempt is made to investigate the thickness of wave-current 
boundary layer based on the comparison of the experimental measurements with the 
theory proposed by Grant and Madsen (1986). Thickness of wave-current  boundary 
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layer was changed from  ,wcm wcuκ ω∗  to ,2 wcm wcuκ ω∗  at 0.1 intervals until the 
experimental measurements of time averaged current velocity of combined wave-
current motion, current associated bed shear of combined flow and apparent roughness 
length ( 0az ) best match with Grant and Madsen’s (1986) theoretical predictions. All 
the experimental runs were considered for the comparison by taking time averaged 
current velocity measurement at a reference point ( at 0.3r ru z h= , well above wave-
current boundary layer) of the combined wave-current orthogonal interaction. For 
many test cases 0 0 300u zω >  where Grant and Madsen’s (1986) model is applicable.  
 
It was found that the thickness of wave-current boundary layer equal to 
,1.75 wcm wcuκ ω∗  produced the overall best agreement between experimental 
measurements and theoretical predictions for all of the test cases. Figure 7.8 gives 
some (other cases are given in Appendix I.4) experimental test cases comparing the 
current velocity profile in the combined flow with the Grant and Madsen’s (1986) 
predictions. It appears that selection of ,1.75 wcm wcuκ ω∗  gives the better theoretical 
prediction in comparison to other two models (Fredsǿe, 1984; Christoffersen and 
Jonsson, 1985) .Moreover, for large waves also, Grant and Madsen’s (1986) model 
predicted the velocities accurately (Figure 7.8) in comparison to other two models. 
Near bottom current velocities in the combined flow are compatible to this theory and 
reduction of near bed velocities by the presence of waves due to increase of flow 
roughness ( 0 0az z> ) was also accurately predicted. However, similar to other two 
models, significant difference between theory and experiment current velocities of 
combined flow was found in the upper layer. This indicates the inadequacy of the 
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consideration of log law ( in the upper layer close to the free surface) that is used by 
these theories to describe the current flow in the combined action.    
  
Table 7.7 summarizes the experimentally estimated current associated bed 
shear stress in the combined wave-current flow and the apparent bed roughness height  
and that of theoretical predictions including Grant and Madsen (1986) model with the 
suggested ,1.75 wcm wcuκ ω∗  thickness for wave-current boundary layer. These 
comparisons suggest that the Grant and Madsen’s (1986) model accurately predict the 
experimental estimations ( 20 , , ,,a b c wc c wcz uτ ρ ∗= ) in comparison to other two models  
(Table 7.7). Therefore, comparison of the experimental measurements of time 
averaged current velocity of the combined flow, current associated bed shear stress of 
combined flow, apparent roughness with theoretical models confirms that suggestion 
of range of thickness (1-2) ,wcm wcuκ ω∗  value for wave-current boundary layer by the  
Grant and Madsen (1986) is accurate and furthermore this value could be selected as  
,1.75 wcm wcuκ ω∗ . 
Since Grant and Madsen’s (1986) model is based on one point measurement 
( ,r rz u ), the prediction accuracy largely depends on the accuracy of the velocity 
measurement at the reference point that is used for the model computation. The current 
velocity measurement selected at different elevations for the model computation 
results considerable deviations of predictions (Figure 7.9) (Table 7.9). If there is a 
large error on reference point velocity magnitude and elevation measurements this 
results inaccurate prediction of the combined wave-current flow properties. Therefore 
it is appropriate to distribute or minimize the error by considering many points. One 
suitable method is the consideration of depth averaged current. For real fluids, mass of 
the fluid must be conserved. This property can be used to obtain the depth averaged 
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current velocity in the combined flow by measuring only the pure current velocities. 
Use of the depth averaged current velocity is more accurate as this is a combination of 
many measurements unlike one point consideration. Moreover, flow discharge in the 
laboratory experiments can be measured accurately that could support accurate 
measurements of depth averaged currents. However, it is obvious that on the 
continental shelves, this depth averaged measurements are not possible and this could 
lead to the development of theory based on the one point measurement. But, at present, 
the interaction mechanisms of waves and currents are not fully known and therefore, 
laboratory investigations are necessary and accurate theoretical predictions for 
laboratory conditions are more valuable. Therefore, based on the depth averaged 
current velocity, a simple modification is proposed to the Grant and Madsen’s (1986) 
model as described below.  
As fluid mass is conserved, we have: 
,c c wcU U=                                              (7.5) 
According to the Grant and Madsen’s (1986) model, the current velocity of combined 
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Therefore, for laboratory wave-current flow investigations by using the Grant 
and Madsen’s (1986) model, Equation 7.8 is suggested instead of Equation 7.6 that 


















Figure 7.9. Prediction of combined flow current velocity by Grant and Madsen (1986) 




Table 7.9. Computation of apparent roughness and bed shear associated with current in 
the combined flow using Grant and Madsen (1986) model for selection for reference 







ρ ∗=   
0
Location 
8.62 , 13.5 /
0.0305 , 35
A
H cm U cm s
z cm h cm
= =
= = (mm ) ( 2 2mm s− ) 
Experiment 2.22 177 
0.04z h=  2.09 187 
0.3z h=  2.15 178 
0.76z h=  2.25 163 
Depth averaged 2.17 175 
 
 
Figure 7.9 shows the improvement of the model prediction of current velocity 
profile based on the depth averaged modification in comparison to the single point 
prediction. Similarly, Table 7.10 shows the improvement of the model by the depth 
averaged current computation for the current associated bed shear stress in the 
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combined flow (Experimental estimations of apparent roughness involves some 
uncertainty in the computations by using the semi-logarithmic plot with the linear 
regression). Therefore, these results suggest that for the laboratory investigations 
(mostly for relatively small wave heights interaction with currents), the Grant and 
Madsen’s (1986) model can be used with depth averaged current velocity input to 
compute current directional velocity distribution, current associated bed shear stress 
and apparent roughness and these computations result good predictions in comparison 
to single point computations that significantly resulted different values for different 
selection of reference points (Figure 7.9, Table 7.9).    
 
Table 7.10. Present experimental estimation of current associated bed shear in the 
combined flow, apparent roughness and Grant and Madsen (1986)  model 
computations for single point reference and depth averaged velocity  
Position      Experiment Grant and Madsen (1986) 
        single point depth averaged 
 
H  U  
 
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
0az  
, ,b c wcτ
ρ  
2
,c wcu∗=  
  ( cm ) ( cm s )   ( mm ) ( 2 2mm s− ) ( mm ) ( 2 2mm s− ) ( mm ) ( 2 2mm s− ) 
A 6.01 10.5  1.50 92 1.07 80 1.09 78 
 10.51 10.5  1.59 105 4.02 191 4.34 154 
 17.49 10.5  1.80 135 5.14 246 5.73 182 
 8.62 13.5  2.22 177 2.15 180 2.17 175 
 11.67 13.5  3.21 211 3.24 223 2.54 189 
 15.07 13.5  1.39 184 4.75 362 5.22 284 
          
B 7.18 10.5  2.91 124 0.98 73 0.97 74 
 11.28 10.5  3.80 172 2.03 123 2.19 106 
 18.64 10.5  6.39 285 4.06 210 4.58 158 
 7.72 13.5  3.07 208 3.35 233 2.77 198 
 13.40 13.5  3.54 239 2.55 202 2.62 192 
          
C 7.19 13.5  1.74 166 0.93 120 0.93 120 
 11.12 13.5  2.83 230 1.87 186 1.99 168 
          
D 4.40 10.5  2.63 133 0.51 65 0.55 59 
 7.28 10.5  6.97 211 1.41 82 1.38 86 
 5.63 13.5  2.73 193 2.10 174 2.10 172 
 8.45 13.5  3.31 229 1.59 157 1.62 152 
          
E 15.36 10.5  4.73 180 3.00 128 3.03 125 
  14.89 13.5   1.90 184 2.69 236 2.92 203 
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CHAPTER EIGHT  
 
 
AN ANALYTICAL SOLUTION ON WAVE-CURRENT FLOW AT 




There are very few theoretical models available to describe wave-current at 
arbitrary interaction angles as interaction mechanisms are complex and the combined 
flow behaviours are not completely known. Moreover, these models are not thoroughly 
validated and many are not applicable in the field investigations. Therefore 
contribution of new theoretical model is valuable for the study of wave-current 
interaction both in the laboratories and on continental shelves. This chapter details the 
development of a new theoretical model to describe combined wave and current flow 
at an arbitrary angle under any flow regime. The model is derived based on the 
variation of bed shear stress under combined wave-current action coupled with the 
eddy viscosity concept. A solution for wave and current kinematics within and outside 
the wave-current boundary layer is given and additionally wave-current shear 
velocities which define the bottom shear stresses are solved. The present model can be 
applied on the continental shelves with a reference current velocity measurement or 
can be used with the depth averaged current velocity measurement which is the usual 
practice in laboratory studies. Time varying stress diagrams for two cases of relatively 
strong and weak current with waves are explained. With the derivation of all the 
equations, the iterative calculation procedure of the present model is summarised. 
 
8.1     Introduction on past wave-current models  
 The Increase of current felt roughness (apparent roughness) by the presence of 
waves and thus the reduction of near bed pure current velocities was first theoretically 
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modeled by Grant and Madsen (1979) and this fact was validated by almost all the 
rough bottom experiments. This is the first model that describes arbitrary angle 
interaction of waves and currents. This model assumed time-invariant, linearly varying 
eddy-viscosity closures within and outside wave-current boundary layer. This model 
has been used in many field investigations to compare mean bed shear associated with 
currents and to predict current velocity distributions. After Grant and Madsen’s (1979) 
model, based on the time-invariant eddy viscosity concept, a few models 
(Christoffersen and Jonsson, 1985; Grant and Madsen, 1986; Myrhaug and Slaattelid, 
1989, 1990) have been developed to describe arbitrary angle wave-current interactions. 
With a rather different approach, analytical solution with momentum-defect model was 
proposed by Fredsǿe (1984).  
 
In each model of Christoffersen and Jonsson, 1985, Grant and Madsen, 1986 and 
Myrhaug and Slaattelid, 1990, the combined flow current velocity above wave current 







∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠
        (1) 
Here, u  is current velocity in the combined flow at height z  above the bottom.  
 
With the constant eddy viscosity equal to n wcmk uβ ∗ , for model 1, Christoffersen and 






f u   2 nk mβ ω=              (2) 
In this model, the wave-current boundary layer thickness ( wcδ ) was assumed to be 
equal to:  
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πβ=             (3) 
Here, , rβ  are model constants and m is given by Equation 8. 
Christoffersen and Jonsson, 1985 model assume that the current has small Froude 
numbers and it is slowly varying in space. Additionally, the dissipation of wave energy 
outside the wave-current boundary layer is neglected.  The model is applicable only for 
rough turbulent flow regime. However, Christoffersen and Jonsson, 1985 theory noted 
the generalization of this model to smooth and transition flows. Model constants 
( , rβ ) were selected based on the experimental and theoretical considerations. 
Prediction by Christoffersen and Jonsson, 1985 model is compared with the laboratory 
measurements by Bakker and van Doorn (1978) and Kemp and Simons (1982, 1983) 
for parallel wave-current flow ( 0 00  or 180φ = ) and Christoffersen and Jonsson, 1985 
found a good compatibility between theory and experimental estimations of current 
associated bed shear stress and apparent roughness height.  
 
Under the limitation of 0 0 300u zω > , Grant and Madsen (1986) came up with the 
following equation for m :  
, ,
1 1log
4 4w wc w wcf f
+ ( )0 ,
0




⎛ ⎞= − +⎜ ⎟⎝ ⎠
          (4) 
Here, m is given by Equation 8 the expression for bed shear stress under pure wave is 
utilized with the replacement of shear velocity that corresponds to resultant maximum 
shear stress by wave and current action, that is: 



















⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪⎛ ⎞− +⎨ ⎬⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠⎣ ⎦⎪ ⎪⎩ ⎭
         (5) 
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This theory is applicable only under rough turbulent flow conditions. Additionally,  
wave-current boundary layer thickness is required to proceed with the iterative 
calculations. However, there was a difficulty of selecting the accurate thickness of 
wave-current boundary, due to uncertainty associated with estimating physical bottom 
roughness length ( 0z ) and lack of qualitative wave-current experiment data. Authors 




∗ . This theory is not compared with other laboratory measurements as 
qualitative wave-current parallel experiments reported by Bakker and van Doorn 
(1978) and Kemp and Simons (1982,1983) are for very small values of 0 0u zω (<120) 
which are not compatible with Grant and Madsen, 1986 model limits. Therefore, this 
theory is not validated.  
 
Myrhaug and Slaattelid (1990) used the analogy between wave boundary layer flow 
and planetary boundary layer flow by using similarity theory to derive an expression 
for m  given by: 
( )
2
, 2w wcf m
κ   
2
20




⎡ ⎤⎛ ⎞= +⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
        (6) 
Here, ,B c  are model constants and m  is given by Equation 8. Moreover, two more 
additional equations similar to Equation 6 were derived for smooth and transition flow, 
considering that the roughness parameter for all flow regimes is: 













⎛ ⎞⎛ ⎞= − − +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
         (7) 
They assumed the boundary layer thickness to be 0.3 to 0.34 times ,wcm wcu ω∗ . This 
theory is compared with laboratory experiments of parallel current ( 0 00  or 180φ = )               
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by Bakker and van Doorn (1978) and Kemp and Simons (1982,1983). Moreover, 
difference of Myrhaug and Slaattelid, 1990 model prediction for two sets of constants 
( 1.28B = , 0.3c = ; 0B = , 0.34c = ) suggested by authors are very small.  
 
Additionally, different approximations and concepts used by these three models in the 
derivation of iterative Equations (2, 4, 6) to compute m  can be summarized as follows 
for each model.  
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⎛ ⎞= ⎜ ⎟⎝ ⎠
  for Christoffersen and Jonsson, 1985 and Myrhaug and 
Slaattelid, 1990         (10) 
Where, ,w wcu∗  is the shear velocity associated with maximum bed shear stress of wave 
component in the combined wave-current flow, ,c wcf and ,w wcf  are friction factors of 
current and wave component in the wave-current flow, respectively. 0u  is the 
maximum near bed wave velocity. Here, m  value is the representation of magnitude of 
effect of currents on waves and this is always larger than one. 1m =  represents the 
pure wave condition and for the case of relatively strong wave interaction with week 
currents, the  m  value is slightly larger than one. 
 
With a rather different approach compared to other models, Fredsǿe (1984) described 
the arbitrary angles wave-current interaction using the depth-integrated momentum 
equation with the assumption of logarithmic current velocity profile both inside and 
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outside wave boundary layer. Unlike other model, the wave-current boundary layer 
thickness is treated to be time variant. Additionally, shear velocity that is used to 
describe resultant velocity of wave and current component inside the boundary layer is 
also treated to be time dependent.  
The current velocity of combined flow within and outside wave-current boundary layer 
is assumed to be logarithmically distributed but with different slopes given by: 






∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠
   for  wcz δ>          (11) 






∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠
   for  wcz δ<      (12) 
Here, 0fu∗  is the friction velocity used by Fredsǿe (1984) to describe the current 
velocity inside the wave-current boundary layer. 
The upper limit of the boundary layer is taken as 30wc nkδ +  and at this level the 
instantaneous velocity is treated to be the vectorial sum of the potential flow velocity 
and the mean current velocity. The apparent roughness height is determined by 
matching current velocities (intersection of two layers) at the upper limit of boundary 
layer. As the boundary layer thickness is time dependent, the mean value of boundary 
layer when 2tω π=  and 3 2tω π=  is taken. Assuming that the mean value of 
boundary layer thickness is small, the depth averaged current velocity is expressed as: 
cU   




∗ ⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦
           (13)   
This theory is also compared with Bakker and van Doorn (1978) current velocity 
measurements for wave-current flow at 00 angle.   
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All these models process an iterative calculation procedure with set of iterative 
equations to solve for wave-current flow parameters. There are many similarities of 
these models in formulations of these iterative equations. They are consideration of the 
maximum bed shear stress as the vector addition of wave and current component, 
equalizing the current velocity at wave-current boundary layer, assumption of wave-
current boundary layer thickness to be proportional to ratio between shear velocity of 
combined flow and wave angular frequency etc. These similarities are also considered 
in the development of the present model. Other than these similarities, main difference 
between analytical model occurs with an additional equation that derived based on 
different consideration by different authors (Grant and Madsen, 1986 used Equation 4; 
Myrhaug and Slaattelid 1990 used Equation 6; Christoffersen and Jonsson, 1985 used 
Equation 2) . For example, in Grant and Madsen’s (1986) model, the pure wave 
friction factor relationship for rough turbulent flow was modified with an addition of 
coefficient just larger than unity to represent the friction factor equation for combined 
wave-current flow.  Myrhaug and Slaattelid (1990) utilized the analogy between wave 
boundary layer flow and planetary boundary layer flow by using the similarity theory 
to formulate the additional equation that required for the iteration. Present model uses 
the behaviour of the pattern of the bed shear stress diagram for combined flow for the 





8.2     Bed shear stress under combined wave-current action  
     
In this section, the new analytical solution is derived to describe the wave-
current flow at an arbitrary angle. Assuming that the wave component of bed shear 
stress of the combined wave-current flow has sinusoidal variation. The bed shear stress 
of the wave component can be expressed as: 
  152
1, , , ( )b wc b wc t π ϕ ωτ τ = −>
, , ,b w wc tτ  , , cosb w wcτ θ=     for   0 2θ π< <               (8.1) 
where , , ,b w wc tτ , , ,b w wcτ and  θ are wave associated bed shear stress in the combined flow 
at time t , Wave associated maximum bed shear stress in the combined flow and time 
representing angle at time t . The angleθ  can be expressed as 1( )tθ ω ϕ= + where ω  is 
wave angular frequency and 1ϕ  is a constant.  

















Figure 8.1. Definition sketch for bed shear stress diagrams for the combined wave-
current action 
 
Consider Figure 8.1 (b) which illustrates wave, current and combined resultant 
components of bed shear stress at time t . If the combined flow bed shear stress at time 
t  is , ,b wc tτ , (stress diagram Figure 8.1 (b)) then, 
 
2
, ,b wc tτ  2 2, , , , , , , , , ,2 cosb c wc b w wc t b c wc b w wc tτ τ τ τ φ= + +         (8.2) 
 
 
Substituting Equation 8.1 into Equation 8.2, the following Equation is obtained 
 
2




Wave propagating direction (Positive X direction)  
Current acting direction  
, ,b wc tτ
, , ,b w wc tτ
, ,b c wcτ
, ,b w wcτ
, ,b c wcτ , ,b c wcτ
φ φ180 φ−
, ,b w wcτ
,b wcτ
1, , ( )b w c t π ϕ ωτ = −
1tθ ω ϕ π= + =(a) 1tθ ω ϕ= +(b) 1 0tθ ω ϕ= + =(c) 
  153
Here, the current generated bed shear stress ( , ,b c wcτ ) is steady whereas the wave 
generated bed shear stress is unsteady. Therefore, resultant effect of current and wave 
generated bed shear stress components produces a time varying bed shear in the wave-
current combined motion. According to Figures 8.1(a) to 8.1(c) it is clear that the 
length of the resultant component that represents the bed shear stress of the combined 
wave-current flow, is changing. 
Let’s consider the time [( 1 0tθ ω ϕ= + = ) (Figure 8.1 (c))] at which the wave produces 
its maximum bed shear stress. This condition also corresponds to the maximum bed 
shear of the combined wave-current flow. 
 




,b wcτ  2 2, , , , , , , ,2 cosb c wc b w wc b c wc b w wcτ τ τ τ φ= + +        (8.4) 
 
where ,b wcτ  is the maximum bed shear stress of the combined wave-current flow. Here, 
any angle of wave-current interaction can be described by an angle less than 900 as 
change of magnitude of wave shear stress is having same magnitude of both positive 
and negative values.  
 
The friction coefficient ,w wcf  associated with the wave component of the combined 
flow and the current associated bed shear of the combined flow is defined as:  
 
, ,b w wcτ  ( ) 2, 00.5 w wcf uρ=                      (8.5) 
 
, ,b c wcτ  2,c wcuρ ∗=                       (8.6) 
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⎧ ⎫⎪ ⎪= + +⎨ ⎬⎪ ⎪⎩ ⎭
      (8.7) 
,b wcτ  ( ) 2, 00.5 w wcf muρ=                                (8.8) 
 
where  













φ∗ ∗⎧ ⎫⎪ ⎪= + +⎨ ⎬⎪ ⎪⎩ ⎭
                 (8.9) 
 
Now, the combined wave-current friction velocity ( ,wcm wcu∗ ) and the combined wave-
current friction factor ( wcf ) associated with the maximum bed shear stress of the 
combined wave-current flow are defined by:  
 
,b wcτ  2,wcm wcuρ ∗=  ( ) 200.5 wcf uρ=           (8.10) 
 
 
From Equation 8.8 and 8.10 the following Equations are obtained: 
 
,wcm wcu∗ ( )1 12 2, 00.5 w wcf m u=               (8.11) 
 
wcf  ,w wcf m=                            (8.12) 
 
 
Now, let’s consider the time θ π= , ( ( )1t π ϕ ω= − ), (Figure 8.1 (a)). Then the bed 




, , ( )b wc t π ϕ ωτ = −  2 2, , , , , , , ,2 cosb c wc b w wc b c wc b w wcτ τ τ τ φ= + −        (8.13) 
 
From Equations 8.4 and 8.13  
 
1, , , ( )b wc b wc t π ϕ ωτ τ = −>  
 
 
Now let’s illustrate the time variation of the bed shear stress of the combined   
wave-current flow using single diagram where lengths correspond to the magnitude of 




0θ =1θ θ=2θ π=minθ θ=2θ θ=θ π=
, ,b w wcτ
,b wcτ
, ,b w wcτ
, ,b c wcτ1, , ( )b wc t π ϕ ωτ = −
, , cosb c wcτ φ
, , sinb c wcτ φ
, ,b w wcτA , , , , cosb w wc b c wcτ τ φ−
2
π πminθ0 2π
, ,b wc tτ
time ( )θ
, , sinb c wcτ φ
, ,b c wcτ
, , ( 1)b wc t π ϕ ωτ = −
,b wcτ
pattern takes two shapes (Figures 8.2 and 8.3) depending on the magnitude of  x  
directional bed shear stress of current component ( , , cosb c wcτ φ ) and  maximum wave 
component ( , ,b w wcτ ). Here, two patterns are illustrated and discussed separately in 
following case 1 and case 2 respectively. 










Figure 8.2. Bed shear stress variation of combined wave-current flow for case 1 
( , , , , cosb w wc b c wcτ τ φ> ). Left hand side diagram shows the AB to AE lengths that 
correspond to the magnitude of the bed shear stress of the combined action. Right hand 
side diagram shows the time variation of the bed shear stress.    
 
In Figure 8.2, the lengths correspond to the magnitudes of bed shear stress of 
the combined wave-current action. Three dark lines (Figure 8.2) represent the 
combined wave-current bed shear at different time intervals where ,b wcτ  is the 
maximum. Some other magnitudes variations with time are also drawn in dashed line 
( 1 min 2, ,θ θ θ ). As shown in the diagrams, the interaction of waves of any strength with 
currents of any strength always obeys the relation 
1, , , ( )b wc b wc t π ϕ ωτ τ = −>  except for 900 
interaction in which 
1, , , ( )b wc b wc t π ϕ ωτ τ = −= . Another important property of this stress 
diagram is that , ,b w wcBC CE τ= =  where length AC gives the current component of 
bed shear stress. This property is also satisfied for any wave current interaction. In case 




, ,b w wcτ, , , ,cosb c wc b w wcτ φ τ−
, ,b c wcτ
( ), ,b wc t π ϕ ωτ = −
, , cosb c wcτ φ
,b wcτ
A 




, ,b wc tτ
Time ( )θ
,b wcτ
( )1, ,b wc t π ϕ ωτ = −
, ,b c wcτ
length) and this occurs when wave stress component equally opposes the x  directional 
current bed shear component. That is: 
 
, , cosb c wcτ φ , , mincosb w wcτ θ= ,     as       min 2θ π>  and , , cos 0b c wcτ φ >     
 
, , cosb c wcτ φ , , mincosb w wcτ θ= −                              (8.14) 
 
 
Here, minθ = time corresponding to minimum bed shear stress of the combined flow  
 
Therefore, the minimum of wave-current bed shear magnitude is given by , , sinb c wcτ φ  
at time ( )1min , , , ,cos cosb c wc b w wcθ τ φ τ−= − . The bed shear stress of the combined flow 
becomes equal to current component ( , ,b c wcτ ) when there is no shear stress from wave 
part.  















Figure 8.3. Bed shear stress variation of the combined wave-current flow for case 2 
( , , , , cosb w wc b c wcτ τ φ< ). Left hand side diagram shows the AB to AE lengths that 
correspond to the magnitude of the bed shear stress of the combined action. Right hand 
side diagram shows the time variation of the bed shear stress.      
 
As illustrated in the Figure 8.3 the time variation of the bed shear stress of the 
combined flow for case 2 ( , , , , cosb w wc b c wcτ τ φ< ) is completely different from that for 
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case 1 i.e., , , , , cosb w wc b c wcτ τ φ>  (Figure 8.2). In case 2, the minimum bed shear stress is 
larger than , , sinb c wcτ φ  and this occurs when the maximum bed shear of wave stress 
component is acting in the negative x  direction, or when θ π= .  
Normally on continental shelves, large wave stresses ( , ,b w wcτ ) relative to the 
current stresses ( , ,b c wcτ ) are encountered, leading to the definition of case 1 
( , , , , cosb w wc b c wcτ τ φ> ) stress diagram (Figure 8.2). Furthermore, most of the laboratory 
experiments have been conducted for case 1. Therefore, only consideration of case 1 
( , , , , cosb w wc b c wcτ τ φ> ) is appropriate to describe wave-current interaction at arbitrary 
angles.    
 
When , , , , 3.5b w wc b c wcτ τ > , the behaviour of the stress diagram of the combined wave-
current flow for case 1 ( , , , , cosb w wc b c wcτ τ φ> ) can be approximated such that  








π ϕ ωτ τ = −
∗
+= ⎛ ⎞+⎜ ⎟⎜ ⎟⎝ ⎠
       (8.15) 
where c is a constant value for any arbitrary angle of wave-current interaction, and any 
wave to current strength interaction representing shear stress for case 1.  
Now, from Equations 8.4 and 8.13, the Equation 8.15 becomes:  
 
 
, ,b c wcτ ( )
2 2 2 2
, , , , , , , , , , , , , , , ,
0 ,
2 cos 2 cos
2
b c wc b w wc b c wc b w wc b c wc b w wc b c wc b w wc
c wccu u
τ τ τ τ φ τ τ τ τ φ
∗
+ + + + −= +   (8.16) 
 
Equation 8.16 is satisfied for both pure currents where 0 0u =  and , , 0b w wcτ =  and pure 
waves where  , 0c wcu∗ =  and , , 0b c wcτ = . Here, the factor  0 , 2c wccu u∗ +  is selected so 
that to satisfy Equation 8.16 for both pure wave and pure current condition and also to 
correlate the wave and current strengths into the shear stress diagram. For example, for 
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a given current strength, representation of length of , ,b c wcτ  remains almost unchanged 
and suppose that the wave strength is increased. Increase in wave strength will increase 
the both lengths of ,b wcτ  and 1, , ( ) /b wc t π ϕ ωτ = −  in the stress diagram. This increase will be 
encountered with increase of the factor ( 0 , 2c wccu u∗ + ) by increase of 0u . Here, 
constant value of c  is introduced as magnitudes of  0u  and ,c wcu∗  are different.  
From Equations 8.5 and 8.6 the Equation 8.16 becomes: 
 
2
,c wcu∗  
( ) ( )
( ) ( )
( )
24 4 2 2
, , 0 , , 0
24 4 2 2
, , 0 , , 0
0 ,
0.5 2 0.5 cos
0.5 2 0.5 cos
2
c wc w wc c wc w wc
c wc w wc c wc w wc
c wc
u f u u f u







⎧ ⎫+ +⎪ ⎪⎨ ⎬⎪ ⎪+ + −⎩ ⎭= +          (8.17) 
 
The current motion of the combined flow is governed by: 




ε ∂= ∂                    (8.18) 
 
where ε  and ,c wcu  are eddy viscosity and current velocity of the combined flow above 
the height z , respectively. 
 
At a given time, if we assume that the region closer to the bed is the region of constant 






ε ∂= ∂                         (8.19) 
 
Using the same eddy viscosity distributions that are used by Grant and Madsen (1986) 
and Myrhaug and Slaattelid (1990), eddy viscosity ε  can be expressed as: 
 
ε   ,wcm wcu zκ ∗=             for               0 wcz z δ≤ <       (8.20) 
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∗= ∫                 for                 wcz δ≥       
 
These integrations compute: 










⎛ ⎞= ⎜ ⎟⎝ ⎠
         for               0 wcz z δ≤ ≤           (8.22) 
   







∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠
              for                wcz δ≥                (8.23) 
 
where 0z , 0az , wcδ  are physical bottom roughness height, apparent bottom roughness 
height and thickness of wave-current boundary layer, respectively. 
  
Equations 8.22 and 8.23 must match velocity at the wave-current boundary layer 












⎛ ⎞ ⎛ ⎞=⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
  
 
Therefore  0ln az  can be expressed as: 
 
0ln az  
,
, 0






⎛ ⎞= − ⎜ ⎟⎝ ⎠
                   (8.24) 
 
From Equations 8.24 and 8.23, the current velocity in the combined wave-current flow 
above the boundary layer can be written as: 












⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
         (8.25) 
 
As fluid mass is conserved 
cU     ,c wcU=                               (8.26) 
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as 0z h<<  
 
cU     , ,
0
1 h
c wc c wcU u dzh
= = ∫        (8.27) 
 
 
Substituting Equation 8.25 into 8.27, the following is obtained: 
 













⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪= = + −⎨ ⎬⎜ ⎟ ⎜ ⎟⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭
   (8.28) 
 
 
Assuming that   
 
wcδ     ,wcm wcb uκ ω
∗=                                                   (8.29) 
 
where b is a constant value for any arbitrary angle of wave-current interaction. 
 
 
From Equations 8.28 and 8.29, cU  can be written as: 
 




ln ln 1c wc wcm wc c wc
wcm wc wcm wc
u b u u h
u z b u
κ ω
κ ω κ κ
∗ ∗ ∗
∗ ∗
⎧ ⎫⎛ ⎞⎛ ⎞ ⎪ ⎪= + −⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎪ ⎪⎝ ⎠⎩ ⎭
   (8.30) 
 
Substituting ,wcm wcu∗  from Equation 8.11 into Equations 8.30 and 8.25 with a reference 
velocity ( , ,, rr c wc zz u ),  where , , rc wc zu  is the current velocity in the combined flow at 
height rz  above the wave-current boundary layer, we get: 
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⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎝ ⎠
⎛ ⎞⎜ ⎟+ ⎜ ⎟⎜ ⎟⎝ ⎠
    (8.32) 
 
 
The model constants ,b  c  are calibrated by using the experimentally measured 
current velocity profiles for wave-current perpendicular flow (Chapter 7).  Different 
,b c  values (slightly increasing the value) are checked until the prediction of current 
velocity profiles from the present model provides best match with the measured 
current velocity profiles. In this way, the model constants ,b  c  were found to be equal 
to 1.75 and 1.06, respectively. Grant and Madsen (1986) suggested that the value of b  
can be in range of 1 to 2. Therefore the present value of 1.75b =  that is obtained by 
using the present experimental data is accurate.  
 
 
8.3  Calculation procedure  
 
The iterative calculation procedure to find the properties of the combined 
wave-current flow is summarised in this section. Computations are given for both the 
known magnitude of the depth averaged current velocity that is suitable in laboratory 
experiments and for one point reference current velocity which can be practiced on the 
continental shelves or even in the laboratory experiments. Limitation of application of 
this model is also stated as the model development is based on the stress diagram for 








Given parameters for given depth averaged current velocity (laboratory measurements) 
cU , 0u (either from linear wave theory for given , ,H h T ), ( )2 Tω π= , 0z ( 30bk= for 
rough turbulent flow), h , ( )0 2φ φ π≤ ≤  
 
Given parameters for reference point current velocity (field or laboratory 
measurements) 
, , rc wc z
u , 0u (either from linear wave theory for given , ,H h T ), ( )2 Tω π= , 
0z ( 30bk= for rough turbulent flow), rz , ( )0 2φ φ π≤ ≤  
 
Step1: For the start, only for the first iteration, take  , 0.05w wcf =  and 1m = . We use 
either quadratic Equation (8.31) if the depth averaged current velocity is given 
or quadratic Equation (8.32) if reference current velocity is given to solve 
for ,c wcu∗ . Here, 1.75b =  
Step2: Use iterative Equation (8.17) to obtain improved value for ,w wcf . (
61 10−×  
iterative accuracy for  ,w wcf  is appropriate ). Here, 1.06c =   
Step3: Find the improved value of  m using Equation (8.9) 
Step4: Repeat steps 1 to 3 until the same m  value is obtained with an iterative 
accuracy  61 10−= ×  for m . 
Step5: After the iterations with the required accuracy, the parameters ,c wcu∗ , ,w wcf  and 
m  are computed. Now, using the Equations 8.11, 8.29, 8.24 compute ,wcm wcu∗ ,  
wcδ  and  0az  respectively. The model is most accurate when  3.5S >  (where, 
2 2
, 0 ,0.5 w wc c wcS f u u∗=  ), (stress diagram case 1 in the Section 8.1).      
Step6: For the current velocity distribution of the combined wave-current flow, use 
Equations 8.22 and 8.23.  
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When the current acting angle is greater than 2π  to the wave propagating 
direction (positive x  direction), the same stress diagram (Figures 8.2 and 8.3) will be 
generated but with 1800 phase difference. Therefore, in this condition, interaction 
angle φ can be measured from negative x  direction that is less than 2π . This is the 
reason to indicate 0 2φ π≤ ≤  in the model computation steps. m value is only slightly 
larger than 1 for relatively large wave interaction with currents and therefore indicated 
accuracy of 61 10−×  is required in the iterative computations. The Newton Raphson 
method can be used for iteration of Equation 8.17 for faster convergence. The 
MATLAB programme for the model (computations for reference point current 
velocity) is given in Appendix F.  
 
As the stress diagram produces the same pattern for all flow regimes (smooth, 
transition and rough), this model represents all flow regime conditions unlike presently 
available theoretical models that describe only rough turbulent condition. However, 
Myrhaug and Slaattelid (1990) proposed a model for all flow regimes, but this 
involved three different equations for each flow regime and also the accuracy of this 
model is not thoroughly validated. However, unlike rough turbulent flow experiments, 
there were no detailed experiments on laminar and transition turbulent flow to validate 
the models on these flow regimes. Unlike other theoretical models, the calculation 
procedure of present model is simple and has the advantage of applying either for 
laboratory experiments or field investigations for any arbitrary angle of wave-current 
interaction under any turbulent flow regime. In the following Chapter, this model is 
validated with both field and laboratory measurements with the accuracy of present 





VALIDATION OF THE PRESENT MODEL   
 
 
This Chapter describes the validation of the theory that is developed in Chapter 
8. Both field investigations in the continental selves and laboratory experiments for the 
combined wave-current flow are considered to study the suitability of the present 
theory. For field investigations, the measurements from Drake et al. (1992) (Northern 
California shelf), Huntley and Hazen (1988) (Nova Scotia shelf, Canada), Cacchione et 
al. (1987) (Russian river shelf), Grant et al. (1984) (Northern California shelf) and 
Larsen et al. (1981) (Washington, Australian shelf) are compared. For laboratory tests, 
the present experiment ( 090φ = ) and experiments by Sleath (1990) ( 090φ = ), Kemp 
and Simons (1982,1983) ( 0 00 ,180φ = ) and Bakker and van Doorn (1978) ( 00φ = ) are 
compared. Moreover, the same experimental results are compared with other analytical 
solutions that describe wave-current flow at an arbitrary angle to justify the accuracy 
of the present theory in comparison to other models.  
 
9.1     Model predictions in comparison to the field measurements  
 
9.1.1  Drake et al. (1992) (Northern California shelf) 
High quality near bed measurements of wave-current flow were obtained 
during a 10 day deployment of GEOPROBE tripod in 35m  water depth of inner shelf 
of  Northern California by Drake et al. (1992) during June 1981. Three electromagnetic 
current sensors were placed at 23 cm , 52 cm  and 102 cm  above the bottom to measure 
two orthogonal components of horizontal velocity. The record of peak oscillatory 
velocities captured by the sensor located at 23cm  above the bottom was used to find 
the near bottom wave velocity. Current velocity profile in the region from 23 cm  to 
102 cm   above the bed was found to be highly logarithmic such that nineteen velocity 
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profiles resulted 0.997R > . The linear regression to current velocity profile was done 
in the estimation of ,c wcu∗  and 0az .  
Drake et al. (1992) used Grant and Madsen’s (1979) model, which is widely 
used to compare field measurement data of wave-current flow. The physical bottom 
roughness is necessary as an input parameter in order to use any analytical model 
which describes the arbitrary angle wave-current interactions. The physical bed 
roughness height of the field condition was selected by the Drake et al. (1992) based 
on the measurements of bed ripples parameters and correlating them with the GM82 
(Grant and Madsen, 1982) physical roughness height prediction. Moreover, the 
physical bed roughness height of the site was also selected by best matching the field 
estimations with Grant and Madsen’s (1979) model and using the equation         
proposed by Drake et al. (1992). The physical bottom roughness heights calculated 
from above two methods are presented in Table 9.1 with field measurements, field 
estimations, Grant and Madsen’s (1979) predictions and present model computations.  
For 13bk cm=  (formulated using the Grant and Madsen, 1982 theory for 
physical roughness height) that was selected based on the bed ripple geometry, the 
present model predictions are in better agreement with the experimental estimations in 
comparison to the predictions of Grant and Madsen’s (1979) theory (Table 9.1, Figure 
9.1). In all the eighteen profiles, both ,c wcu∗ and 0az  that are predicted by the present 
theory are closer to the experimental results in comparison to the results from Grant 
and Madsen’s (1979) theory that shows a considerable deviation from the experimental 
estimations. Approximately, one-half of the predictions of ,c wcu∗ from Grant and 
Madsen’s (1979) theory fall outside 90% confidence interval of experimentally 
estimated ,c wcu∗  (Figure 9.1). In contrast, the estimations of ,c wcu∗  from the present 
theory for seventeen profiles fall within the confidence limit (Figure 9.1).  
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Table 9.1. Comparison of field estimations of bed shear velocity ( ,c wcu∗ ) and 
apparent bottom roughness ( 0az ) investigated in Northern California shelf (Drake et 
al., 1992) with the present theoretical model (PM) prediction. Grant and Madsen’s 
(1979) (GM 79) model results and wave current field measurements are also given. 
90% confidence limits are shown in brackets. Values are cited from Drake et al. (1992) 
Table 2 for 13bk cm= and for bk values that best fit GM79 model 
Wave-current field parameters and estimations  For 13bk cm=   For bk equal to GM79 best fit 
Experiment GM79 PM GM79 PM 
T  0u  ,c wc
u  
at 1 m  
φ  
,c wcu∗  0az  
bk  
,c wcu∗  0az  ,c wcu∗  0az  
bk  












 cm  cm
s






 cm  cm
s
 cm  
1 11.9 11.5 7.73 72 0.71 ( .263)±  1.41  13 0.85 2.47 0.75 1.62  2.9 0.68 1.10 0.67 1.00 
2 12.4 13.1 8.20 85 0.69 ( .334)±  0.98  13 0.92 2.70 0.81 1.78  1.1 0.64 0.62 0.69 0.84 
3 12.6 10.0 7.38 75 0.64 ( .083)±  1.03  13 0.81 2.32 0.71 1.54  2.4 0.62 0.87 0.62 0.88 
4 12.8 13.8 9.32 68 0.83 ( .201)±  1.17  13 1.04 2.66 0.95 1.94  3.3 0.85 1.24 0.85 1.24 
5 11.4 11.5 10.19 65 0.93 ( .259)±  1.26  13 1.06 2.07 0.99 1.63  3.8 0.88 1.02 0.89 1.05 
6 12.7 10.5 8.35 66 0.70 ( .286)±  0.83  13 0.89 2.26 0.81 1.63  3.3 0.73 1.03 0.73 1.02 
8 11.9 12.2 7.49 59 0.66 ( .344)±  1.15  13 0.83 2.65 0.73 1.69  4.3 0.71 1.50 0.68 1.20 
9 11.6 10.6 8.25 48 0.77 ( .329)±  1.50  13 0.88 2.25 0.79 1.57  5.6 0.78 1.46 0.74 1.18 
10 12.9 10.5 5.71 74 0.49 ( .108)±  0.97  13 0.65 2.75 0.55 1.56  2.4 0.51 1.14 0.49 0.95 
11 12.8 8.5 8.89 57 0.76 ( .077)±  1.00  13 0.90 1.86 0.84 1.48  4.7 0.77 1.02 0.77 1.01 
12 13.2 10.0 7.96 55 0.71 ( .118)±  1.16  13 0.85 2.26 0.77 1.64  5.0 0.74 1.35 0.72 1.18 
13 11.9 11.5 7.52 58 0.66 ( .150)±  1.12  13 0.83 2.53 0.73 1.64  4.2 0.70 1.40 0.67 1.14 
14 11.7 9.8 6.42 58 0.55 ( .124)±  0.92  13 0.70 2.40 0.61 1.44  4.4 0.60 1.38 0.56 1.03 
15 11.5 11.3 3.31 59 0.29 ( .091)±  1.17  13 0.40 3.40 0.31 1.32  4.1 0.34 2.10 0.29 1.02 
16 10.9 9.6 5.59 55 0.53 ( .236)±  1.52  13 0.62 2.45 0.52 1.33  5.1 0.54 1.57 0.49 1.00 
17 10.3 6.5 4.10 36 0.38 ( .131)±  1.26  13 0.44 2.02 0.35 0.98  7.8 0.39 1.67 0.34 0.84 
18 12.4 5.7 5.91 42 0.55 ( .202)±  1.46  13 0.60 1.71 0.53 1.14  6.8 0.54 1.24 0.50 0.89 
19 9.9 5.2 5.02 55 0.44 ( .071)±  1.05  13 0.49 1.45 0.43 0.90  5.6 0.44 1.04 0.40 0.66 
 
For the second selection of bk  which is computed by the best fit between the 
experiment and Grant and Madsen’s (1979) theory, there is a very good compatibility 
between Grant and Madsen’s (1979) theory and the experiment. This agreement is 
because bk value was changed for each profile, until the results got the best match. The  
present model is also checked with these bk  values and it is found that even these bk  
values give better estimations for ,c wcu∗ and 0az  for many profiles in comparison to 
Grant and Madsen’s (1979) predictions (Table 9.1, Figure 9.1). For the present theory, 
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Figure 9.1. 90% confidence limit on experimental estimation of current associated bed 
shear velocity ( ,c wcu∗ ) of combined flow and the theoretical predictions by the present 
and Grant & Madsen’s (1979) models. Experimental estimations and model 
predictions of apparent roughness height 0az  is also shown. (Data are cited from Drake 
et al., 1992 Figure 4 for 13bk cm=  and bk values that gives best match with Grant and 
Madsen’s (1979) theory) 
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could be suggested that the present model may be more suitable in comparison to 
Grant and Madsen’s (1979) theory which is widely used in the field investigations of 
wave-current flow. However, the validation of a model based on one field experiment 
is not sufficient. Therefore, validation of the present model is also supported by more 
comparisons with field data in the following subsections. 
 
9.1.2   Huntley and Hazen (1988) (Nova Scotia shelf, Canada) 
Measurements of waves, mean flow and turbulence within 1m  of the seabed 
were reported at two sites (Cow Bay, Sable Island Bank) on the Nova Scotia shelf, 
Canada (Huntley and Hazen, 1988) during July 1984. Shear velocities were estimated 
from the observed spectra of vertical turbulence velocities. Huntley and Hazen (1988) 
found a good agreement between the predicted friction velocity by Grant and 
Madsen’s (1979) theory and observed friction velocity at Cow Bay site. The physical 
bottom roughness was not known with confidence at either site. Therefore,  a range of 
bk  values was selected by Huntley and Hazen (1988) to represent the bed material 
shape and size to compare the estimations with Grant and Madsen’s (1979) theory. 
5, 10, 20bk cm=  values were selected for Cow Bay site. Moreover, 0,1 10u  and 0,1 3u  
( 0,1 3u  is defined as two times the standard deviation of the horizontal velocity record 
and 0,1 10 0,1 31.27u u= ) were considered by the Huntley and Hazen (1988) for the near 
bottom maximum velocity to use the Grant and Madsen’s (1979) model. Table 9.2 
summarises the wave-current measurements and consideration of wave and current 
parameters for theoretical calculation. Figures 9.2 and 9.3 compare the prediction from 
the present model and Grant and Madsen’s (1979) model for range of apparent 
roughness with the different selection of 0,1 10u  and 0,1 3u  for near bottom wave velocity 
approximation. 
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Table 9.2. Comparison of field estimations of bed shear velocity ( ,c wcu∗ ) 
investigated in Nova Scotia shelf (Huntley and Hazen, 1988) with the predictions by 
present theoretical model (PM). Predictions of Grant and Madsen’s (G&M (1979)) 
model are also given. Measured or selected wave-current filed parameters by Huntley 
and Hazen’s (1988) are also given. Values are cited from Huntley and Hazen (1988) 
 
Wave-current field parameters   
Current associated shear 
velocity     ,c wcu∗  
T  0u  rz  ru  bk  φ   Experi ment PM 
G&M 
(1979) 
Site and profile 
 
s  1cms−  1cms−  1cms−  cm      1cms−  1cms−  1cms−  
11.5 6.463 52 4.9 5 9.0  0.600 0.474 0.515 
11.5 6.463 52 4.9 10 9.0  0.600 0.504 0.587 
Cow Bay : 
Measurement height 52cm 
( )0 0 1 3u u=  11.5 6.463 52 4.9 20 9.0  0.600 0.538 0.667 
           
11.5 8.207 52 4.9 5 9.0  0.600 0.491 0.548 
11.5 8.207 52 4.9 10 9.0  0.600 0.520 0.619 
Cow Bay : 
Measurement height 52cm 
( )0 0 1 10u u=  11.5 8.207 52 4.9 20 9.0  0.600 0.554 0.722 
           
11.5 6.922 22 4.5 5 9.0  0.600 0.559 0.606 
11.5 6.922 22 4.5 10 9.0  0.600 0.607 0.705 
Cow Bay : 
Measurement height 22cm 
( )0 0 1 3u u=  11.5 6.922 22 4.5 20 9.0  0.600 0.667 0.849 
           
11.5 8.791 22 4.5 5 9.0  0.600 0.586 0.649 
11.5 8.791 22 4.5 10 9.0  0.600 0.634 0.754 
Cow Bay : 
Measurement height 22cm 
( )0 0 1 10u u=  11.5 8.791 22 4.5 20 9.0  0.600 0.695 0.909 
           
10 4.005 44 11.8 2 27.5  0.860 0.996 0.883 
10 4.005 44 11.8 5 27.5  0.860 1.103 1.039 
Sable Island Bank : 
Measurement height 44cm 
( )0 0 1 3u u=  10 4.005 44 11.8 10 27.5  0.860 1.206 1.166 
           
10 5.087 44 11.8 2 27.5  0.860 1.028 0.926 
10 5.087 44 11.8 5 27.5  0.860 1.135 1.082 
Sable Island Bank : 
Measurement height 44cm 
( )0 0 1 10u u=  10 5.087 44 11.8 10 27.5  0.860 1.237 1.215 
           
10 3.956 21 9.1 2 27.5  0.860 0.911 0.800 
10 3.956 21 9.1 5 27.5  0.860 1.027 0.969 
Sable Island Bank : 
Measurement height 21cm 
( )0 0 1 3u u=  10 3.956 21 9.1 10 27.5  0.860 1.143 1.112 
           
10 5.024 21 9.1 2 27.5  0.860 0.946 0.832 
10 5.024 21 9.1 5 27.5  0.860 1.063 1.003 
Sable Island Bank : 
Measurement height 21cm 
( )0 0 1 10u u=  10 5.024 21 9.1 10 27.5  0.860 1.266 1.148 
 
It appears that the increase in apparent bottom roughness predicts the increase 
of ,c wcu∗ by both models (Figures 9.2, 9.3). Larger roughness height exerts larger 
resistance to the current flow and reduces the near bed flow velocity. Then the current 
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velocity gradient. This could be the reason to increase the shear velocity with increase 
of bed roughness height. The present model shows a good agreement with field 
experiment estimations in comparison to Grant and Madsen (1979) model for both 
sites (Figures 9.2, 9.3). Grant and Madsen’s (1979) theory results show a more 
deviation with the experiment for larger flow roughness compared to the present model 
results. The present model shows a good agreement in the Cow Bay site compared to 
Sable Island Bank site. This may be due to the proper choice of physical bottom 
roughness of that site. Both models over predicted the ,c wcu∗ in Sable Island site when 
bk  value is grater than 4cm . Overall comparison of two sites for different bk  values 












Figure 9.2. Graph of current associated shear velocity predicted by the present model 
and Grant and Madsen’s (1979) theory for the Cow Bay field conditions, against the 
selected physical bottom roughness values.(Data are cited from Huntley and Hazen 
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Figure 9.3. Graph of current associated shear velocity, predicted by the present model 
and Grant and Madsen’s (1979) theory for the Sable Island Bank field conditions, 
against the selected physical bottom roughness values. (Data are cited from Huntley 
and Hazen (1988) Figure 12 )       
 
9.1.3   Cacchione et al. (1987) (Russian river shelf) 
Cacchione et al. (1987) conducted a field experiment on Russian river shelf using the 
GEOPROBE tripods in December 1979 (during storm period). Measurements of near-
bed velocity profiles (resulted highly logarithmic velocity distribution 2 0.991R >   for 
all profiles) were obtained to estimate current shear velocities ( ,c wcu∗ ) and apparent 
roughness height ( 0az ) of the combined wave-current motion. With downward zero 
shift of 2.5cm , the final heights for three current sensors were 17.8 cm , 48.9 cm  and 
65 cm in total water depth of 85m . Grant and Madsen’s (1979) model was used for the 
computation of bed shear velocity and apparent roughness.  
For the present model, the values shown in current station 3 ( 65z cm= , S3 
cited from Figure 6 of Cacchione et al., 1987) are used as the reference velocity. 
Computations by using Grant and Madsen’s  (1979) theory are not done for current 
profiles 4 to 7 and the present model results , , , , 3.5b w wc b c wcτ τ < , (model is derived only 
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for stress diagram in case 1, Figure 8.2) for profiles 2, 3 and 12. Therefore, only the 
other profiles are considered for the comparisons. Cacchione et al. (1987) selected the 
bottom physical roughness to be  0.2cm  when no sediment transport was expected 
while for storm profiles, consideration of Grant and Madsen’s (1982) theory was used 
for the selection of physical bed roughness (Table 9.3) that includes both ripples and 
intense near-bed transport layer. Table 9.3 summarises the wave-current interaction 
properties in the field observation, theoretical predictions and experimental 
estimations. These field estimations also moderately satisfy the predictions by the 
present model, although one profile prediction lies outside the 95% confidence limit 
(Table 9.3). Therefore, the overall comparison of estimations of this field study 
indicates that the present model could be used to predict the bed shear stress under 
combined flows of the waves and currents typical of stormy conditions on continental 
shelves.  
Table 9.3. Comparison of field estimations of bed shear velocity ( ,c wcu∗ ) and 
apparent bottom roughness ( 0az ) investigated in Russian river shelf (Cacchione et al., 
1987) with the predictions by the present theoretical model (PM). Calculations by 
Grant and Madsen’s (G&M (1979)) model and wave current field measurements of 14 
profiles are also given. Values are cited from Cacchione et al. (1987) Table 1  
Wave-current field parameters   ,c wcu∗     (




T  0u  
,c wcu  
at 
.65 m  
0z  φ  
 
 










1 13.80 11.24 25.63 0.20 20  2.95 ( 0.62)±  2.63 2.64  1.17 (+1.26,-0.61) 0.73 1.35 
8 15.30 21.35 18.44 0.20 10  2.57 ( 1.51)±  1.91 2.21  3.56 (+11.58,-2.72) 1.31 2.31 
9 16.40 18.56 13.33 0.20 30  1.60 ( 0.10)±  1.75 1.58  2.40 (+0.53,-0.44) 3.15 2.22 
10 15.30 33.97 24.51 2.01 30  3.59 ( 1.16)±  4.48 4.52  4.33 (+4.75,-2.27) 7.21 7.42 
11 17.50 29.23 34.00 0.46 20  5.65 ( 1.18)±  4.41 4.85  5.92 (+2.99,-1.98) 3.38 3.93 
13 15.10 17.78 22.80 0.26 20  3.10 ( 1.89)±  3.45 2.68  3.24 (+12.08,-2.55) 4.01 2.16 
14 15.40 20.43 24.56 0.60 20  4.04 ( 1.17)±  3.81 3.32  5.48 (+4.40,-2.44) 4.61 3.37 
15 16.50 16.37 19.41 1.55 0  3.48 ( 1.08)±  3.87 2.98  6.77 (+5.22,-2.95) 8.03 4.80 
16 15.70 25.20 31.61 1.85 10  4.74 ( 0.42)±  5.33 5.48  4.42 (+0.94,-0.77) 5.72 6.47 
17 15.30 19.72 22.56 0.70 10  3.77 ( 1.96)±  3.74 3.10  5.52 (+10.43,-3.61) 5.13 3.55 
18 15.70 25.23 29.73 1.77 10  4.88 ( 0.44)±  5.08 5.10  5.67 (+1.09,-0.91) 6.10 6.31 
19 14.30 21.23 27.19 0.44 10  4.50 ( 0.80)±  3.75 3.50  5.85 (+2.5,-1.75) 3.94 2.91 
20 15.50 15.94 24.16 1.91 0  4.13 ( 0.58)±  4.3 3.83  6.22 (+1.84,-1.42) 6.84 5.22 
21 15.60 12.96 24.09 1.95 10  3.29 ( 1.25)±  4.57 3.72  3.29 (+5.29,-2.03) 6.80 4.87 
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9.1.4   Grant et al. (1984) (Northern California shelf) 
These field measurements were reported along the northern California shelf 
between Point Arena and Point Reyes and three directional velocity magnitudes were 
taken using Acoustic current meter in the water depth of about 90m during early June 
1981. The linear regression method was used in the estimations of shear velocity and 
bottom apparent roughness height and Grant et al. (1984) compared these estimations 
with the theoretical predictions of Grant and Madsen (1979). The physical bottom 
roughness value of 0 0.2 ( 6 )bz cm k cm= =  was selected so that the values of ,c wcu∗ of 
first two profiles (a, b) match with Grant and Madsen’s (1979) theory and then this 
value ( 0 0.2z cm= ) was selected for rest of the profiles to represent physical roughness 
of the bed. The estimations are found to be consistent with those expected form Grant 
and Madsen’s (1979) theory. Table 9.4 and Figure 9.4 illustrate the comparison of field 
estimations and predictions of theoretical models.  
Table 9.4. Comparison of field estimations of bed shear velocity ( ,c wcu∗ ) and 
apparent bottom roughness ( 0az ) investigated in Northern California shelf (Grant and 
Williams, 1984) with the predictions by the present model (PM). Predictions by the 
Grant and Madsen’s (G&M (1979)) model are also given. Values are cited from Grant 
et al. (1984) Table 2   
Wave-current field parameters   ,c wcu∗     (
1cms− )  0az     ( cm ) Pr  
of 
ile T  0
u  ,c wcu  
at 1m  0
z  φ  
 
 










a 13.69 5.20 9.82 0.2 30  0.94 ( .174)±  0.80 0.83  1.46 (+1.60,-0.77) 0.79 0.89 
b 15.00 5.85 10.29 0.2 30  0.70 ( .107)±  0.83 0.89  0.33 (+0.43,-0.19) 0.84 1.00 
c 15.07 5.44 7.94 0.2 30  0.83 ( .160)±  0.71 0.68  2.03 (+2.11,-1.04) 0.99 0.97 
d 15.03 6.43 7.27 0.2 30  0.58 ( .142)±  0.66 0.64  0.64 (+1.43,-0.45) 1.17 1.06 
e 14.75 4.73 6.72 0.2 30  0.54 ( .093)±  0.57 0.57  0.72 (+0.89,-0.40) 0.94 0.88 
f 14.25 5.51 6.51 0.2 70  0.57 ( .134)±  0.58 0.55  0.99 (+1.79,-0.64) 1.05 0.88 
g 13.93 4.92 6.64 0.2 70  0.50 ( .139)±  0.57 0.55  0.47 (+1.49,-0.36) 0.91 0.81 
h 14.92 4.59 6.52 0.2 70  0.67 ( .105)±  0.58 0.54  2.15 (+1.67,-0.94) 0.94 0.81 
i 14.85 4.09 6.84 0.2 70  0.68 ( .123)±  0.58 0.56  1.91 (+1.90,-0.95) 0.84 0.75 
j 16.11 7.09 6.74 0.2 70  0.56 ( .111)±  0.58 0.60  1.06 (+1.07,-0.53) 1.09 1.12 
k 14.96 5.48 7.07 0.2 70  0.54 ( .133)±  0.61 0.60  0.60 (+1.45,-0.43) 1.02 0.90 
l 14.00 4.73 9.31 0.2 70  0.92 ( .104)±  0.76 0.77  1.83 (+1.00,-0.65) 0.76 0.78 
m 14.78 6.22 7.09 0.2 30  0.60 ( .126)±  0.64 0.62  0.89 (+1.39,-0.54) 1.18 1.03 
n 14.44 5.44 4.13 0.2 30  0.36 ( .090)±  0.39 0.35  1.14 (+2.15,-0.75) 1.44 0.90 
o 15.21 6.20 4.52 0.2 30   0.42 ( .191)±  0.45 0.39   1.55 (+3.02,-1.44) 1.55 1.02 
  174













































































Figure 9.4. 95% confidence limit on experimental estimations of current associated bed 
shear velocity ( ,c wcu∗ ) and apparent bed roughness ( 0az ) of the combined flow and 
theoretical predictions of those by the present model and Grant &Madsen’s (1979) 
model. (Values are cited from Grant et al. (1984)Figure 11) 
 
It appears that the present theoretical predictions show a good consistency with 
field estimations with many of the computations within 95% confidence limit. The 
choice of the bed roughness ( 0 0.2z cm= ) was made  by Grant and Williams (1984) by 
considering the bed materials and bed geometry and then adjusting 0z  until the 
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experimental estimations get a good compatibility with Grant and Madsen’s (1979) 
predictions (profiles a, b). Consistency of the present model computations with both 
field estimations by Grant et al. (1984) and predictions by the Grant and Madsen’s 
(1979) model suggests the accuracy of applicability of the present model in field 
investigations.  
 
9.1.5 Larsen et al. (1981) (Washington, Australian shelf) 
 The present model computes not only the current associated bed shear stress 
( 2,c wcuρ ∗ ) but also the maximum bed shear stress ( 2,wcm wcuρ ∗ ) of the combined wave-
current motion. The sediment transport under the pure waves or wave-current flow is 
correlated to the maximum bed shear stress and depending on its magnitude, the 
sediment suspension or transport will take place if the stress is large enough to 
overcome the threshold condition. Shields threshold criterion has been modified to 
describe the threshold of oscillatory motion and this is validated with experimental and 
field measurements. Shields threshold criterion can be described in terms of 
( ) 50s gdψ τ ρ ρ= − , 50R u d ν∗ ∗=  (R∗  grain Reynolds number). For the calculation of 
these parameters in the threshold condition, the bed shear parameters ( ,u τ∗ ) are 
necessary. But, their direct measurements are very difficult and therefore theoretical 
model predictions or experimental estimations are used to find these bed shear 
parameters. In the case of the combined wave-current flow, Grant and Madsen’s 
(1979) theory or some other appropriate methods are used in the calculations and the 
accuracy of the Shields criterion is validated for oscillatory flows. In the field, the 
threshold condition is generally observed when there is a sudden increase in suspended 
matter concentrations. Prediction of the maximum bed shear stress by using the present 
model has been used with the field measurements (Larsen et al., 1981) that were 
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investigated for the threshold conditions. The estimations of the maximum bed shear 
parameters ( , ,,wcm wc b wcu τ∗ ) of combined wave-current flow are made with the present 
model for measured field data conditions and checked with Shields criterion for the 
present model validation.  
Larsen et al. (1981) observed threshold conditions of wave-current motion by 
observing sudden increase of water turbidity above previously sustained background 
levels. These threshold conditions were also confirmed by examination of bottom 
photographs. Investigation was carried out in three sites, one in Australian shelf and 
two in Washington shelf. 0u was taken by averaging the maximum 110  ( 0,1 10u ) of near 
bed orbital velocity. During the threshold event, not only 0,1 10u  of 0u  interact with 
currents but all the 0u  values should be considered during this time period. For the 
computations of Shields parameters with the use of the present model, 0,aveu  value is 
taken ( 0, 0,1 10 1.565aveu u= ; for irregular waves, it can be approximated 
( )0, 0,2 2 sin( 2)p rmsu u pπ π= ). For the combined wave-current flow, Shields 












∗= −                   (9.1)        
R∗  
, 50wcm wcu d
ν
∗=                                       (9.2) 
,wcm wcu∗  is calculated by using the iterative process of the present model.  
Table 9.5 tabulates the flow conditions of threshold events and the present model 
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and Shields parameters. Figure 9.5 illustrates these estimations in comparison to the  
Shields diagram for oscillatory conditions. 
Table 9.5. Calculation of the maximum bed shear of combined wave-current 
flow by using the present model and Shields parameters for the field data of threshold 
event, collected by Larsen et al. (1981) on the Washington and Australian shelf. Wave-
current threshold field conditions also given, Values are cited from Larsen et al. (1981) 
Tables II  
Wave-current field parameters   Model predictions 
T  0,1 10u  0,aveu  ,c wc
u  
at  1 m  50
d  0z  φ   ,wcm wcu∗  ψ  R∗  
 
 
Site and event 
Number 
 s  1cms−  1cms−  1cms−  cm  cm     1cms−  - - 
2 13.5 10.0 6.39 13.0 0.0035 0.000117 20  1.817 0.583 0.489 
3 12.8 10.7 6.84 9.7 0.0035 0.000117 40  1.572 0.436 0.423 




5 13.6 10.4 6.65 10.0 0.0035 0.000117 20  1.602 0.453 0.431 
             
6 10.8 9.7 6.20 15.8 0.0042 0.000140 30  1.979 0.576 0.639 
7 13.5 10.2 6.52 13.0 0.0042 0.000140 30  1.831 0.493 0.592 




9 13.0 10.1 6.45 8.9 0.0042 0.000140 40  1.465 0.316 0.473 
             
10 14.9 23.1 14.76 7.8 0.0170 0.000567 0  2.254 0.185 2.948 
11 12.2 19.4 12.40 9.8 0.0170 0.000567 20  2.270 0.187 2.969 
Australia 
Dec. 79 











Figure 9.5. Comparison of threshold representation of Shields curve (cohesionless soil) 
for oscillatory flow with some validated, well controlled lab experiments, marine 
sediment lab experiments, wave-current threshold investigation and the present model 
estimations for threshold field data by Larsen et al. (1981). (Data are cited from Drake 
and Cacchione (1986) Figure 5) 
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The present model estimations for thresholds conditions satisfy the Shields 
criterion (Figure 9.5) as all of the model estimated points lie very close to the upper 
limit of the threshold representation. In the field, it is very difficult to get the exact 
threshold condition unlike in laboratory observations, but relatively accurate threshold 
event can be investigated. Therefore these field conditions could have been observed 
just after the threshold event and this could be the reason for the estimations to be very 
close to the upper limit. However compared to other experimental results, these results 
also better validate the accuracy of Shields criterion on the representation of oscillatory 
threshold events. In other words, these results appear to confirm the accuracy of the 
model that was used for computation of Shields parameters ( , , ,wcm wcu R ψ∗ ∗ ). 
Therefore, this confirms the validity of the present model estimations of the ,wcm wcu∗   In 
the Figure 9.5, Drake and Cacchione (1986), also represent the threshold event of 
wave-current interaction on continental shelves and they have used Grant and 
Madsen’s (1979) theory for ,wcm wcu∗  estimation.  
  Many of the field observations agree well with the predictions of the 
present model. Predictions of current associated bed shear stress and apparent 
roughness height fall within the experimentally estimated confidence limit for almost 
all the field cases except for very few profiles.  Grant and Madsen’s (1979) theory is 
widely used in the field data comparison. The field experiments by Drake et al. (1992), 
Huntley and Hazen (1988), Grant and Williams (1984), better accord with the present 
theory in comparison to Grant and Madsen’s (1979) predictions. Therefore it can be 
concluded that the present model could be applied on the continental shelves under non 
eroded flow conditions or under typically stormy conditions of combined wave-current 
flows to better understand the complex wave-current flow behaviours.  
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9.2     Model predictions in comparison to the laboratory measurements  
 
9.2.1 Present experiment ( 090φ = )    
 
The measurements of the current velocity in the combined flow and the 
prediction of current velocity profiles by using the present model for some test cases of 
the present experiment are shown in Figure 9.6. Other test cases are given in Appendix 
I.4. Model constants ,b c of the present model (Section 8.1) are calibrated to be 1.75 
and 1.06 respectively by matching the experimental current velocity profiles with the 
predictions by the present model. Predictions by other theories (Fredsǿe, 1984, 
Christoffersen and Jonsson, 1985) are also given as comparisons (Figure 9.6, 
Appendix I4). The present model computations show a good agreement with the 
experimental current velocity of wave-current interaction (Figure 9.6) and 
experimentally estimated current associated bed shear stresses (Table 9.6) in 
comparison to the other models (Fredsǿe, 1984; Christoffersen and Jonsson, 1985; 
Grant and Madsen, 1986) (Table 9.7). The Experimental estimations of the apparent 
roughness also moderately accord with the present theory (Table 9.8).  
When the linear regression method is used, estimation of apparent roughness 
involves a large error as this is calculated by using the intercept of the line (Gross and 
Nowell, 1983; Grant and Madsen, 1986; Cacchione et al., 1987). Therefore, the model 
accuracy can not be validated by comparing the estimations and predictions of the 
apparent roughness unlike the comparisons of the current associated bed shear or the 
current velocity distributions. However, the error of the present model predictions of 
the apparent roughness is less compared to that of other models (Table 9.8), this is also 
true for the predictions of the current associated bed shear stress (Table 9.7).  
For larger wave interactions, the prediction of the current velocity profile based 
on one reference point velocity are very closer to the experimental measurements of 
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the velocities in comparison to the predictions based on the averaged velocity (Figure 
9.6). For large wave interactions, in the upper layer, the current velocity deviated from 
logarithmic profile and therefore the assumption of logarithmic profile up to the free 
surface in the determination of depth averaged current might be not suitable. However, 
the near bottom layer agrees with logarithmic profile in large wave height interactions.   
 
Table 9.6. Experimental estimation of the apparent roughness and current associated 
bed shear stress of the combined wave-current flow in comparison to the predicted 
values by using the present model (based on depth averaged current velocity) 
    
Position     Experiment Present model (depth averaged)  
 H  U   0az  ,c wcu∗  ,c wcu∗  m  0z  0az  wcδ  
  ( cm ) ( cm s )   ( cm ) ( cm s ) ( cm s ) - ( cm ) ( cm ) ( cm ) 
A 6.01 10.5  0.150 0.960 0.916 1.0074 0.014 0.131 0.440 
 10.51 10.5  0.159 1.024 1.122 1.0039 0.054 0.305 0.632 
 17.49 10.5  0.180 1.162 1.208 1.0017 0.039 0.397 0.833 
 8.62 13.5  0.222 1.331 1.326 1.0075 0.031 0.220 0.634 
 11.67 13.5  0.321 1.452 1.379 1.0047 0.024 0.257 0.742 
 15.07 13.5  0.139 1.356 1.553 1.0037 0.057 0.398 0.889 
           
B 7.18 10.5  0.291 1.114 0.915 1.0054 0.008 0.131 0.476 
 11.28 10.5  0.380 1.313 1.031 1.0029 0.014 0.219 0.624 
 18.64 10.5  0.639 1.689 1.176 1.0015 0.022 0.362 0.846 
 7.72 13.5  0.307 1.441 1.364 1.0096 0.052 0.246 0.614 
 13.40 13.5  0.354 1.544 1.398 1.0037 0.020 0.271 0.796 
           
C 7.19 13.5  0.174 1.288 1.190 1.0086 0.012 0.138 0.551 
 11.12 13.5  0.283 1.517 1.333 1.0048 0.018 0.224 0.713 
           
D 4.40 10.5  0.263 1.152 0.839 1.0110 0.009 0.086 0.366 
 7.28 10.5  0.697 1.453 0.950 1.0056 0.014 0.154 0.489 
 5.63 13.5  0.273 1.388 1.297 1.0152 0.052 0.200 0.522 
 8.45 13.5  0.331 1.514 1.278 1.0073 0.020 0.188 0.616 
           
E 15.36 10.5  0.473 1.341 1.097 1.0018 0.014 0.280 0.745 








































































































































































































































































































































































































































































































































































Figure 9.6. Comparison of the experimental current velocities in the wave-current 
perpendicular interaction with Christoffersen and Jonsson(C & J)(1985)                        
( 0.45, 0.0747r β= = ),  Fredsǿe (1984) and the present model. Reference velocity was 
taken at about 0.3h . (water depth 35h cm= , wave period 1.5T s= ). Measured pure 
current profiles are also given 
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Table 9.7. Error of prediction of current associated bed shear stress 
( ) ( ), ,expc wc c wc theoryu u∗ ∗−   for predictions by using different theoretical models  
Position      Models prediction error on current associated bed shear stress ,c wcu∗   ( cm s ) 
 H  U   Present model    
 












Madsen  (1986) 
,1.75wc wcm wcuδ κ ω∗=  
A 6.01 10.5  0.044 0.021 0.132 0.204 0.065 
 10.51 10.5  0.099 0.166 0.123 0.010 0.358 
 17.49 10.5  0.045 0.284 0.032 0.022 0.406 
 8.62 13.5  0.005 0.010 0.075 0.194 0.011 
 11.67 13.5  0.073 0.052 0.214 0.290 0.041 
 15.07 13.5  0.197 0.442 0.163 0.074 0.547 
error∑  0.462 0.974 0.739 0.795 1.429 
B 7.18 10.5  0.200 0.202 0.343 0.384 0.260 
 11.28 10.5  0.282 0.186 0.430 0.458 0.204 
 18.64 10.5  0.513 0.289 0.681 0.673 0.240 
 7.72 13.5  0.077 0.043 0.054 0.240 0.085 
 13.40 13.5  0.146 0.101 0.336 0.392 0.123 
error∑  1.218 0.820 1.843 2.146 0.912 
C 7.19 13.5  0.098 0.090 0.263 0.346 0.193 
 11.12 13.5  0.184 0.089 0.361 0.431 0.153 
error∑  0.282 0.179 0.624 0.777 0.346 
D 4.40 10.5  0.313 0.258 0.414 0.482 0.346 
 7.28 10.5  0.504 0.525 0.606 0.663 0.548 
 5.63 13.5  0.091 0.085 0.046 0.255 0.069 
 8.45 13.5  0.236 0.210 0.359 0.461 0.261 
error∑  1.144 1.078 1.425 1.862 1.224 
E 15.36 10.5  0.244 0.232 0.432 0.434 0.210 
 14.89 13.5  0.071 0.213 0.137 0.181 0.178 
error∑  0.315 0.445 0.569 0.614 0.388 
 
 
The present model resulted the best agreement with the measured current 
velocity profiles in comparison to the predictions by Fredsǿe (1984) and Christoffersen 
and Jonsson (1985). The present theory also clearly shows the reduction of pure 
current near bed velocities by the presence of waves due to increase of current 
experienced roughness height ( 0 0az z>  Tables 9.6) in the combined flow. The 
m values for the present experimental conditions are slightly larger than unity. 
Normally, in the combined wave-current flow it is expected that ( 0 0a wcz z δ< < ) and 
model computations satisfy this condition (Tables 9.6). Comparisons of the error of 
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estimations (Tables 9.7, 9.8) for predictions based on the two methods (reference point 
velocity, depth averaged velocity) of the present model and comparison of prediction 
of velocity profiles (Figure 9.6) by the two methods of the present model with the 
experimental measurements suggest that the present model is most accurate when the 
computations are based on a reference point velocity. Overall comparisons of the 
predictions by the models with the present experimental measurements and estimations 
indicate the accuracy of the present model and the best prediction is given by the 
present model in comparison to  the Fredsǿe (1984), Christoffersen and Jonsson (1985) 
and Grant and Madsen (1986) models.  
Table 9.8. Error of prediction of apparent roughness height  ( ) ( )0 0expa a theoryz z−   
for predictions by using different theoretical models 
Position      Models prediction error on apparent roughness height 0az   ( cm ) 
 H  U   Present model    
 













Madsen  (1986) 
,1.75wc wcm wcuδ κ ω∗=  
A 6.01 10.5  0.018 0.019 0.069 0.100 0.043 
 10.51 10.5  0.146 0.147 0.171 0.066 0.243 
 17.49 10.5  0.218 0.220 0.133 0.138 0.334 
 8.62 13.5  0.002 0.002 0.047 0.110 0.007 
 11.67 13.5  0.064 0.064 0.157 0.195 0.003 
 15.07 13.5  0.259 0.259 0.230 0.165 0.336 
error∑  0.707 0.711 0.806 0.774 0.966 
B 7.18 10.5  0.161 0.161 0.236 0.250 0.194 
 11.28 10.5  0.161 0.163 0.270 0.285 0.177 
 18.64 10.5  0.277 0.278 0.438 0.434 0.233 
 7.72 13.5  0.061 0.062 0.045 0.159 0.029 
 13.40 13.5  0.083 0.084 0.206 0.233 0.099 
error∑  0.743 0.748 1.195 1.362 0.732 
C 7.19 13.5  0.036 0.036 0.107 0.132 0.081 
 11.12 13.5  0.058 0.061 0.162 0.193 0.096 
error∑  0.094 0.097 0.270 0.325 0.177 
D 4.40 10.5  0.177 0.178 0.220 0.239 0.212 
 7.28 10.5  0.543 0.542 0.606 0.634 0.557 
 5.63 13.5  0.073 0.073 0.043 0.163 0.064 
 8.45 13.5  0.143 0.144 0.211 0.256 0.172 
error∑  0.936 0.937 1.080 1.292 1.005 
E 15.36 10.5  0.192 0.192 0.346 0.345 0.172 
 14.89 13.5  0.104 0.101 0.036 0.058 0.079 
error∑  0.296 0.293 0.381 0.404 0.251 
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9.2.2 Kemp and Simons (1982, 1983), Bakker and van Doorn (1978) 
( 0 00 , 180φ = )    
 
Kemp and Simons (1982, 1983) conducted a series of experiments in a wave 
flume for following and opposing currents interaction with waves. Artificial bed forms 
were deployed and a steady current was generated to interact with waves. The linear 
regression method for near bed logarithmic velocity profile was used in the estimations 
of physical, apparent bottom roughness and current associated bed shear velocity 
( ,c wcu∗ ). They treated, van Karman’s constant 0.378κ = , 0.36κ =  respectively in the 
opposing and following current experiments for rough bed test cases. As the present 
model considers 0.4κ = , the experimental results of current associated bed shear 
velocity given by Kemp and Simons (1982, 1983) are corrected by the factor 
0.4 0.378, 0.4 0.36  for the two experiments to compare with the predictions of the 
present model. The same modifications are also used in Christoffersen and Jonsson 
(1985) and Myrhaug and Slaattelid (1990) in their model comparisons with Kemp and 
Simons (1982, 1983) experimental data.  
Bakker and van Doorn (1978) also reported an experiment in a wave flume 
with waves on following currents. The water depth of the experiment was 30cm  and 
depth averaged steady current of 10cm s  was generated on following waves over 
artificial strip roughness bottom with two-dimensional roughness elements (15mm  
length, 2 mm   height). Velocity measurements of pure current and combined flow 
were taken and it was estimated that   0 0.7z mm=  (Myrhaug and Slaattelid, 1990).  
Grant and Madsen’s (1986) model is valid when 0 0 300u zω > , but these 
experiment runs are not in this range. However, to compare the analytical models that 
are available to describe arbitrary angle wave-current flow, Grant and Madsen’s (1986) 
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Table 9.9. Experimental wave-current conditions for Kemp and Simons (1982,1983), 
Bakker and van Doorn (1978)  experiments for following and opposing currents 
Experiment wave-current parameters 
H  T  h  cU  φ  0z  Experiment Test case 
( cm ) ( s ) ( cm ) ( cm s )  ( cm ) 
WCR1 2.27 1.006 20.1 18.5 0 0.0835 
WCR3 3.16 1.006 20.1 18.5 0 0.0835 
WCR4 4.04 1.006 20.1 18.5 0 0.0835 
Kemp and Simons (1982) 
WCR5 4.66 1.006 20.1 18.5 0 0.0835 
        
WDR1 2.79 1.003 20 11.04 180 0.082 
WDR2 3.34 1.003 20 11.04 180 0.082 
WDR3 3.97 1.003 20 11.04 180 0.082 
WDR4 5.05 1.003 20 11.04 180 0.082 
Kemp and Simons (1983) 
WDR5 5.91 1.003 20 11.04 180 0.082 
        
Bakker and van Doorn 









Figure 9.7. Comparison of Kemp and Simons’s (1983) experimental current (opposing 
current) velocities (bottom layer) of combined wave-current flow with Christoffersen 
and Jonsson(C & J)(1985) ( 0.45, 0.0747r β= = ),  Grant and Madsen (G & M)(1986) 
( ,1.75wc wcm wcuδ κ ω∗= )and the present model. Reference velocity was taken at 
about 0.3h . Test case is WDR 4. Pure current profile is also given 
 
 
Table 9.10 tabulates the current associated bed shear and apparent roughness 
height predicted by the present model. Tables 9.11 and 9.12 give the resulted error of 
these parameters when other theoretical models and the present model are used.  The 
error of each experimental run was calculated by taking the absolute value of 
difference between experimental estimated value and the model predicted value. The 
  188
present model resulted the best prediction for current associated bed shear stress in 
both Kemp and Simons’ (1982), Bakker and van Doorn’s (1978) experiments in 
comparison to other theoretical models (Table 9.11). For the opposing current 
experiment (Kemp and Simons, 1982), Christoffersen and Jonsson’s (1985) model 
gave the best prediction while the present model resulted a reasonable agreement. 
Christoffersen and Jonsson (1985) selected their model constants ( ,r β ) based on 
Kemp and Simons’ (1982) experiment and therefore a better agreement between Kemp 
and Simons (1982) experiment and predictions by using Christoffersen and Jonsson’s 
(1985) model can be expected. Experimental estimation of apparent roughness height 
involves some uncertainty when the linear regression method is used for the 
logarithmic current velocity profile. However, a moderate agreement was found 
between all the model predictions of apparent roughness with experimental estimations 
(Table 9.12).  
 
Table 9.10. Kemp and Simons (1982,1983) ( K & S) and Bakker and van Doorn 
(1978) (B & D) experimental values of apparent roughness and current associated bed 
shear stress of the combined wave-current flow compared with the prediction by the 
present model. For reference point calculation the measurement of reference velocity 
was taken at 0.3h     
Experiment Depth averaged  One point 
0z  





( cm ) ( cm ) ( 2cms− ) ( 2cms− ) ( cm )  ( 2cms− ) ( cm ) 
WCR1 0.0835 0.125 2.010  -  -   -  - 
WCR3 0.0835 0.129 2.140 2.046 0.199   -  - 
WCR4 0.0835 0.167 2.229 2.100 0.218   -  - 
K&S 82 
WCR5 0.0835 0.186 2.081 2.136 0.232   -  - 
          
WDR1 0.082 0.344 1.110 1.172 0.170  0.953 0.162 
WDR2 0.082 0.409 1.288 1.194 0.182  1.080 0.178 
WDR3 0.082 0.389 1.400 1.217 0.195  1.184 0.194 
WDR4 0.082 0.436 1.411 1.254 0.218  1.182 0.215 
K&S 83 
WDR5 0.082 0.609 1.510 1.281 0.235  1.123 0.228 
          
B&D 78 V10RA 0.070 0.491 1.493 1.324 0.538  1.428 0.542 
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Table 9.11. Error of prediction of current associated bed shear stress 
( ) ( ), ,expc wc c wc theoryu u∗ ∗−   for different theoretical models 
Models prediction error on current associated bed shear stress ,c wcu∗  (
1cms− ) 
Present model Experiments 
and  







0.45r =  













WCR1  -  -  -  -  -  - 
WCR3 0.094  - 0.090 1.111  - 0.410 
WCR4 0.129  - 0.060 1.162  - 0.460 
K & 
S 82 
WCR5 0.056  - 0.150 0.985  - 0.290 
Total error∑  0.279  0.300 3.258  1.160 
        
WDR1 0.062 0.157 0.220  - 0.062 0.200 
WDR2 0.095 0.208 0.070  - 0.101 0.360 
WDR3 0.183 0.216 0.020  - 0.094 0.450 
WDR4 0.156 0.229 0.010  - 0.070 0.430 K & 
S 83 WDR5 0.228 0.387 0.060  - 0.205 0.520 
Total error∑  0.724 1.198 0.380  0.532 1.960 
        
B & 
D 78 V10RA 0.170 0.065 0.217 0.663 0.091 0.258 
 
Table 9.12. Error of prediction of apparent roughness height  
( ) ( )0 0expa a theoryz z−   for different theoretical models  
Models prediction error on apparent roughness height 0az  (cm ) 
Present model Experiments 
and  







0.45r =  













WCR1  -  -   -  -  -   - 
WCR3 0.070  -  0.141 0.421  -  0.021 
WCR4 0.051  -  0.126 0.536  -  0.004 
K & 
S 82 
WCR5 0.046  -  0.121 0.655  -  0.009 
Total error∑  0.166  0.388 1.612  0.034 
        
WDR1 0.174 0.182 0.077  -  0.123 0.191 
WDR2 0.227 0.231 0.126  -  0.168 0.246 
WDR3 0.194 0.195 0.088  -  0.126 0.212 
WDR4 0.218 0.221 0.108  -  0.124 0.233 K & 
S 83 WDR5 0.374 0.381 0.262  -  0.255 0.392 
Total error∑  1.187 1.209 0.660  0.796 1.274 
        
B & 




9.2.3 Sleath (1990) ( 090φ = )    
 
Sleath (1990) deployed a mechanically oscillating bed under a steady current 
flow and physically modeled the wave-current orthogonal interaction. To obtain 
smooth to rough turbulent flow conditions, three bed roughness were used in the 
experiment by  fixing a smooth stainless steel plate to the oscillating plate and by 
gluing 1.64mm  and 8.1mm  median diameter sand and gravel. The Nikuradse’s 
roughness height bk was determined from the steady flow velocity profiles assuming 
rough bed condition and taking zero intercept of the logarithmic velocity profile equal 
to 30.2bk . In this experiment, the 0z  values estimated for both gravel and sand glued 
beds were 0.6705mm , 0.04934mm  respectively.  
For the test case (1.64mm  sand) given in Figure 4 of the Sleath’s (1990) paper, 
the resulted ,c wcu∗ values were given as 0.023m s , 0.019m s  for two different 
experimental runs with bed oscillation of 0.141m  amplitude with 1.76 s , 1.75 s  
periods respectively. From Equation 7.4, with the replacement of cu∗  with ,c wcu∗ , the 
equivalent Nikuradse’s roughness height can be found ( 0 30bz k=  is true only for 
rough turbulent case).  
 
For  0 0.04934z mm= , , 0.023c wcu m s∗ = , 0 6 2 119.3 1.0193 10T C m sν − −= ∴ = ×  
Iterative Equation 7.4 results 1.739bk mm= and therefore , 39.2 70b c wck u ν∗ = <  
For 0 0.04934z mm= , , 0.019c wcu m s∗ = , 0 6 2 120 1.011 10T C m sν − −= ∴ = ×  
Iterative Equation 7.4 results 1.816bk mm= and therefore , 34.18 70b c wck u ν∗ = <  
Therefore, this experimental condition represents the transition turbulent flow 

























G & M (1979) p1
G & M (1979) p2
Present model p1
Present model p2
regime and therefore this test condition is selected to compare the present model 
accuracy for flow regime other than rough turbulent.  
 
Table 9.13. Sleath (1990) oscillating bed experiment results in comparison to 
Grant & Madsen (1979) and the present model predictions  
 






Madsen (1979) present model 
    
















  ( m ) ( s ) ( 0C ) ( mm ) ( m s )   ( m s ) ( m s )   ( m s )   
p1 0.141 1.75 20 1.64 0.019 188 0.068 0.014 59.6 0.014 73 
















Figure 9.8. Sleath (1990) experimental measurements of current velocity profiles over 
oscillating bed compared to Grant & Madsen (1979) and the present model 
predictions. (Values are cited from Sleath (1990), Figure 4)           
 
The present model predictions for Sleath’s (1990) experiment show a good 
agreement compared to Grant & Madsen’s (1979) model (Table 9.13, Figure 9.8). 
Grant & Madsen’s (1979) model is developed to describe only the rough bottom flow 
regime and this could be the reason to deviate the prediction with experimental 
estimations. But the present model shows a moderate agreement with Sleath (1990) 
oscillating bed experiment for the selected transition flow runs (other test run 
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velocities are not given by Sleath, 1990). As described in Section 8.2, the present 
model is applicable under any flow regime (smooth, transition, rough) unlike presently 
available models for arbitrary angle wave-current flow.  
Overall comparison of the present model prediction with both laboratory 
(Section 9.1) and field measurements (Section 9.2) validate the present model and in 
most of experimental cases discussed here, a better compatibility between the present 
theory and experiments is found compared to other available models that describe 
arbitrary angle wave-current interactions. The present model is suitable to predict 
current velocity distribution of the combined wave-current motion and to compute 
current associated bed shear stress and the maximum bed shear stress of wave current 
motion. Large S  values (Section 8.2) give better predictions as , the model 
development is based on the stress diagram for case 1 (Section 8.1) that represents the 
stronger waves relative to currents commonly experienced on continental shelves. The 
model application is more suitable when S >3.5 but for other values it is still 
applicable but predictions might not be accurate (All the laboratory and field 








CHAPTER TEN  
 
 
CONCLUSIONS AND RECOMMENDATIONS      
 
 
An experiment was conducted in a wave basin by reproducing the wave-current 
orthogonal interaction over both the fixed and movable bed to study the flow 
kinematics and sediment transport under wave-current orthogonal flow. Experimental 
runs were conducted for pure currents, pure waves and combined wave-current flows 
for the measurements of three directional velocities, water surface elevations, bed 
profile geometries and total sediment transport. Effects of waves on pure currents and 
vice versa were studied by comparing the flow and bed properties of current alone 
flow and wave alone flow with those of the combined wave-current flow. Theoretical 
models that describe the wave-current flow at an arbitrary angle are compared with the 
measurements to check the suitability of these models. A new theoretical model is 
developed to describe wave-current flow at any angle over any flow regime based on 
the bed shear stress variation of the  combined wave-current flow and this model is 
validated with both laboratory and field measurements.  
 
 
10.1  Experimental set-up  
 
The experimental set-up that was constructed in the wave basin physically 
modeled the wave-current orthogonal interaction over both the fixed (smooth concrete) 
and movable (sand) bottoms. The required, undisturbed flow conditions were achieved 
by minimising the wave reflection (reflection coefficient 5.5%< ), generating smooth 
wave transition  from the concrete bed to the movable bed, reducing the turbulence 
inside the current inflow tank, producing smooth uniform steady water flow entrance 
into the current channel and deploying a plywood construction set-up to trap all the 
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current related suspended and bed load transport quantity. It was found that there was 
no cross-wave effect in the basin during the combined wave-current action. Crest 
parallel waves were generated with the support of smooth side wall plywood. The 
present experiment is valuable as only basin experiments can model the perpendicular 
wave-current flow in comparison to wave flume experiments that represent 00 and 1800 
wave-current flow. Moreover, the data from these experimental runs are important due 
to scarcity of data available for 900 wave-current flow on the investigation of the real 
behaviour of wave-current flow on the continental shelf. On the continental shelf, 
wave-current interaction takes place in arbitrary angles and when waves propagate 
towards the shore, the interaction becomes nearly perpendicular. 
 
10.2  Effects of waves on pure currents   
 
Presence of waves significantly deviated the pure current velocity profile. Near 
bed pure current velocities were reduced while upper layer velocities were increased 
by the action of perpendicular waves. This became more pronounced for large wave 
heights interactions. Near bed turbulence is stronger under the combined wave-current 
flow and  influences the reduction of near bed pure current velocities and therefore the 
current component in the combined flow experiences a larger bed resistance (apparent 
roughness) in comparison to resistance experienced by pure currents (physical 
roughness). By comparing the measurements of velocities with past experiments, it can 
be concluded that under rough bed conditions, wave interaction reduces the near bed 
pure current velocities, regardless of interaction angle due to the increase in current 
experienced bed roughness by the presence of waves. Wave Reynolds stress under the 
combined wave-current flow may be dominant in the upper layer and influences the 
eddy viscosity structure that determines current velocity component in the combined 
flow.  
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 Experimentally estimated current related bed shear stresses and apparent 
roughness heights of the combined wave-current flow were larger in comparison to 
that of pure current estimations. Current related bed shear stress in the combined flow 
was 3 to 12 times larger than that in current alone case. For a given current strength, 
the increase of the wave Reynolds number and the friction velocity ratio (pure wave to 
pure current) resulted increase in the current related bed shear stress of the combined 
flow. In the present experiment, change of pure current flow properties (velocity, bed 
shear stress and roughness height) by the presence of perpendicular waves indicates 
the non linear interaction of wave-current flow and hence supports past observations of 
non linear wave-current flow in flumes and theoretical models that used the non linear 
property to describe the wave-current flow.  
 
 
10.3  Effects of current on pure waves   
 
 Past experimental observations in wave flumes for parallel wave-current flow 
indicated the change of pure wave length by the presence of currents. But the present 
experimental measurements showed that there was no significant change in the pure 
wave length when the current was flowing perpendicular to the wave direction. 
Therefore, this concludes that there is a strong influence of interaction angle on the 
change of pure wave length under the combined flow effect. Irrotational wave theory 
for wave length satisfies the wave length measurements of the combined flow, even 
under the shearing currents that result in creation of vorticity profile. Wave-current 
flow field could be treated irrotational, provided that the vorticity profile is uniform 
over the water depth. Nearly linear velocity profile of the current observed in the 
experiment could have resulted uniform vorticity that create irrotational wave-current 
field. In the orthogonal wave-current interaction, similar to pure wave flow behaviour, 
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it was experimentally found that the time series wave directional velocity profile was 
in phase with water surface elevation.  
  Orthogonal currents significantly affected the pure wave formed ripple 
height and length in the combined wave-current flow. The parameters (length, height, 
steepness) of ripples formed by waves were reduced by the presence of currents. 
Larger the relative current strength ( 0U u ) is smaller is the ripple size (length, height, 
steepness). Explosion of near bed eddies that carry sediment could eject the sediment 
in a particular direction (current direction) and therefore, the strength of the currents, 
formation and explosion characteristics of eddies, sand size and oscillatory flow 
conditions could contribute in determination of the very complex mechanism of 
formation of bed under wave-current at arbitrary angles interactions.   
 When a relatively strong current was generated, straight crest property of 
ripples that were observed in the wave alone case was changed to curve crested 
(serpentine pattern) and further increase of both wave and current strengths, clearly 
resulted three dimensional (honeycomb pattern) ripple geometry under wave-current 
orthogonal flow.  
 
10.4  Validation and modification of theoretical models  
 
Predictions by Fredsǿe’s (1984), Christoffersen and Jonsson’s (1985) and 
Grant and Madsen’s (1986) models, which describe arbitrary angle wave-current flow, 
moderately accord with the present experimental (rough turbulent flow) measurements 
of time averaged current velocity profiles and experimental estimations of current 
associated bed shear stresses and flow roughness heights (apparent roughness) for the 
case of 900 wave-current interaction over movable ripple bed. For experimental runs 
with large wave height interactions, upper layer measurements of current velocity 
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significantly deviated from that of theoretical predictions by Fredsǿe (1984)  and 
Christoffersen and Jonsson (1985) in comparison to Grant and Madsen’s (1986) 
predictions. Velocity predictions in the upper layer by all three models are based on the 
linear or parabolic distribution of the eddy viscosity and comparison of theoretical and 
experimental current velocities in the upper layer suggests that for the case of 
relatively larger wave interaction, the effect of wave Reynolds stress could be 
dominant in the upper layer in determining the eddy viscosity structure of the 
combined wave-current flow. However, the predictions of the current velocities in the 
bottom layer by all three models resulted a good agreement with the experimental 
measurements and also the reduction of the near bed pure current velocities due to 
increase in roughness height by the presence of waves is also accurately predicted. 
Therefore, overall comparisons of current velocity distributions in the combined flow 
with the present measurements, reveal that these models are valid for orthogonal wave-
current flow. In the experiment, for large wave interaction with currents, the current 
velocities increased logarithmically from the bottom up to an intermediate depth and 
decreased from there onwards to the free surface (not following the log law close to the 
free surface). Many theoretical models consider the log law velocity profile up to the 
free surface and this may not be true for large wave interaction with currents, specially 
close to the free surface. Therefore, the models based on the depth averaged 
calculation (Fredsǿe, 1984; Christoffersen and Jonsson, 1985) with the consideration 
of logarithmic velocity profile up the free surface will not simulate the actual wave-
current interaction.  
For most of the present test cases Fredsǿe’s (1984) and Christoffersen and 
Jonsson’s (1985) models underestimate both apparent roughness and current 
associated bed shear stress of the combined wave-current flow while the Grant and 
Madsen’s (1986) model predictions for these parameters are found to be in better 
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agreement with the experimental estimations. This comparison also suggests that the 
models based on the depth averaged consideration are inadequate to fully describe 
wave-current interaction mechanism. Results from Christoffersen and Jonsson’s 
(1985) model largely depend on the numerical constants of the model ( ,r β  for model 
1, “lager roughness”) and these are evaluated by considering the parallel wave-current 
flow experiments and therefore, same values may not be suitable for interaction angles 
other than 00 and 1800. The modification of model constant values to  
0.70, 0.121r β= =  improved the prediction of both apparent roughness height and 
current associated bed shear stresses to better accord with the experimental 
estimations. This modification did not significantly change the predictions of original 
current velocity profiles that show a good compatibility with the experimental profiles. 
Moreover, these modified constant values are checked with the oscillating plate 
experiment (Sleath, 1990) that describes the 900 wave-current interactions and a good 
agreement between the experimental and the theoretical results are found. Therefore, it 
appears that the constants of Christoffersen and Jonsson’s (1985) model depend on the 
wave-current interaction angle and for 900 interaction, the suggested values based on 
the present experimental measurements could be suitable.  
The thickness of wave-current boundary layer was found to be ,1.75 wcm wcuκ ω∗  
by comparing the experimental measurements and Grant and Madsen’s (1986) theory. 
This thickness is within the range [(1 to 2) ,wcm wcuκ ω∗× ] that is recommended by 
Grant and Madsen (1986). Overall comparisons of the laboratory experiments to the 
theoretical predictions showed that the Grant and Madsen’s (1986) predictions give 
better results in comparison to other existing models. Therefore, under the combined 
wave-current flow, the wave-current boundary layer thickness may be treated as 
,1.75wc wcm wcuδ κ ω∗= . 
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However, calculations by using Grant and Madsen’s (1986) model depend on 
the accuracy of the measurement of the reference point. One point error possibly can 
be distributed if many point measurements are possible and one appropriate method is 
the measurement of depth averaged current velocity ( ,c c wcU U= ) that can be accurately 
obtained especially in the laboratory experiments. Modified Grant and Madsen’s 
(1986) model, which is based on the depth averaged pure current velocity, improved 
the predictions to better accord with the experimental findings of apparent roughness 
and current associated bed shear stresses. However, it is obvious that on the continental 
shelves, this depth averaged measurements are not possible and this could lead to the 
development of the theory based on one point measurement. But, at present, the 
interaction mechanisms of waves and currents are not fully known and therefore 
laboratory investigations are necessary and accurate theoretical prediction for 
laboratory conditions are more valuable. Therefore, Grant and Madsen’s (1986) model, 
with the depth averaged pure current velocity can be used for accurate predictions of 
near bottom flow kinematics of the combined wave-current flow. 
 
 
10.5  Present theory  
 
 A theoretical model is developed to predict the current velocity distribution,   
wave-current boundary layer thickness, apparent roughness height and current 
associated and maximum bed shear stress of wave-current at arbitrary angles 
interactions. The theory is formulated for the condition of relatively large waves 
interaction with currents that models the continental shelves wave-current flow and 
represents most of wave-current flow experiments in laboratories. The present theory 
is applicable for any turbulent flow regime (smooth, transition, rough) unlike the 
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existing models that describe only rough turbulent flow condition or use different 
equations for each flow regime. 
 The present model shows an excellent agreement both with many laboratory 
experiments and field studies on the combined wave-current flow. In many 
experimental cases, the present model results the best prediction in comparison to other 
existing wave-current theories (Fredsǿe, 1984; Christoffersen and Jonsson, 1985; 
Grant and Madsen, 1979, 1986; Myrhaug and Slaattelid, 1990). Similar to other 
existing wave-current theories, reduction of near bed pure current velocities in the  
presence of waves due to increase of bed roughness (apparent roughness) which has 
been observed by past experiments is properly modeled in the present theory. 
Computations of the present model based on a reference velocity measurement are 
more suitable when relatively large waves interact with the currents because for large 
waves, the upper layer current velocities tend to deviate from logarithmic velocity 
distribution probably due to the effect of wave Reynolds stress.    
 The present theory also shows a very good compatibility with field data. For 
many field measurements, predictions are better in comparison to the predictions by 
Grant and Madsen’s (1979) model, which is widely used in the wave-current filed 
studies. The present theory also could be applicable under the condition of field 
threshold event or during the bed sediment transport and this is validated with the 
measurements of Larsen et al.’ (1981) field study on threshold events. Therefore, this 
model could be used in the estimation of maximum bed shear stress to find the 
sediment transport on continental shelves. In conclusion, the present theory can be 
used together with Grant and Madsen’s (1979) model for better understanding of 
complex wave-current near bottom flow kinematics on continental shelf under non 
eroded flow conditions or typically stormy conditions of wave-current interaction.    
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10.6 Bed ripple geometry and sediment transport  
 
 In the pure wave flow condition, 2-D vortex ripples were formed. Increase in 
wave height resulted a significant increase of ripple length in comparison to change in 
ripple height. Theoretical predictions (Nielsen, 1981; Madsen, 1993; Van Rijn, 1989) 
of pure wave ripple geometry moderately accord with the present measurements. The 
correlation between ripple parameters and the mobility parameter, which was observed 
in flume experiments, is also observed in the present experiment.   
 The form roughness dominated the Nikuradse’s equivalent sand roughness ( nk ) 
that was estimated by running the pure currents parallel to the ripple crest over the 
ripples formed by pure waves. This suggests that, when the current is parallel to the 
ripple crest, the skin friction forces are negligible compared to pressure forces acting 
on the bed forms. Experimentally estimated nk  values were much smaller than the 
values predicted for flow roughness height (based on the ripple parameters) when the 
pure current flow is orthogonal to the ripple crests. The roughness length scale 
increases by a factor of about 4 to 7 when the current flow direction changes from 00 to 
900 with the of ripple crest direction. For a movable bed, as only wave basin 
experiments could produce the current flow interaction with ripples at arbitrary angles, 
the present findings of bed roughness scales will be valuable for theoretical or 
experimental works.     
 In the pure current flow, no sediment suspension or transport was 
observed and the presence of waves significantly increased the current related 
sediment transport. The influence of wave height on total quantity of current related 
sediment transport was significant. Sediment transport rates under 10cm and 15 cm  
wave heights were 12 to 24 times greater in comparison to the transport rate under 
waves with 6cm  wave height. When wave heights became larger, increase in current 
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strength (10.5 cm s  to 13.5cm s ) dominated the current related transport rate. The bed 
shear stress under the combined flow is larger in comparison to current alone or wave 
alone flow. Therefore, the combined flow bed shear stress can initiate the sediment 
motion more easily in comparison to current alone flow. Current alone flow cannot 
form the ripples and therefore, hardly suspends the sediment. In contrast, wave alone 
flow can suspend the sediment but cannot transport. Moreover, the sediment that is 
suspended by the wave action is easily transported by currents. Therefore, combined 
action of wave and currents results in much more sediment transport in comparison to 
pure wave or pure current.    
 
10.7  Limitations and suggestions for future work 
In the present experiment, only the 900 wave-current flow was experimented. 
Since there is lot of data available for 00 and 1800 wave-current interaction, 
experiments on other interaction angles with regular, irregular waves and different bed 
material sizes will be valuable to understand the complex behaviour of wave-current 
flows at arbitrary angles. In the present experiment, since only two pumps are available 
to produce current, strong currents cannot be generated and most of the experimental 
conditions in the present study simulate the strong wave interaction with weak 
currents. However, this is the condition that generally encounters on the continental 
shelf. Interaction area of the wave-current flow is also limited due to operation of only 
two pumps and also due to the fixed dimension of opening of the basin wall.  
In the present experiment, for large wave heights of pure wave flows, the bed 
ripple geometry was not observed to be exactly two dimensional. Therefore, the 
roughness experienced by the current flow over these bed ripples will not be exactly 
same as roughness expected for 2-D ripple geometry. A two dimensional fixed rippled 
bed can be constructed in a wave flume according to the measurements of the present 
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experimental ripple dimensions to form the exact 2D bed roughness. Then pure current 
can be generated for different orientations with respect to these fixed ripples to study 
the bed roughness and flow behaviours. The results can be used to compare the 
changes in current experienced roughness in movable and fixed bed with the 2D and 
3D bed effects.    
The derived new theory is only limited to describe arbitrary angle wave-current 
flow under the condition of large bed shear stress of waves relative to the current 
exerted bed shears stress that is normally encounter on the continental shelf. The same 
method that is used in this study can be applied to develop an analytical solution to 
describe strong currents interaction with weak currents. Unlike other models, the 
present theory is applicable for wave-current flow over any flow regime. But the 
present model is validated only with the rough turbulent flows due to limitation in past 
experiments. Therefore, the suitability of the present theory for the smooth and 
transition wave-current flows can be checked by using relevant future experimental 
data.  
In the upper layer, many experiments on wave current interaction (including 
the present experiment) inferred that measured current velocity profile deviates from 
log law velocity profile. However, the available theories that describe current 
velocities in the wave-current flow consider that the current velocity is logarithmic up 
to the free surface. As the velocity profile is correlated to the eddy viscosity 
distribution, attention can be given to modify the linear assumption of upper layer eddy 
viscosity by considering the effect of wave Reynolds stress that could influence on the 
wave-current eddy viscosity structure. Moreover, in the present experiment, the water 
surface was free of wind that resulted zero surface shear. However, on the continental 
shelf the wind action also significantly affects the flow in addition to the effects due to 
waves and currents. Experiments on wave-current flow by including wind that blows 
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in a particular direction could be important to study how the flow is affected by wind 
speed and its direction.   
On the continental shelf, it is very difficult to find the exact height of the 
physical bottom roughness. Theoretical models of combined wave-current flow are 
used to estimate the physical bottom roughness by matching the field measurements of 
current velocity profile or the bed shear stresses under the combined wave-current 
flow. This estimated bottom roughness in the field can be accurately simulated in the 
laboratory beds and field wave-current velocity condition (velocity profile or a 
reference point velocity) also can be simulated in the lab. Then the bed shear stresses 
can be measured for the lab experiment. This bed shear stress can be compared with 
the field measurements to check the suitability of the estimated height of physical 
bottom roughness. If the bed shear stresses in the field and laboratory are compatible, 
it means that the model, which is used for the prediction of bed roughness, is accurate. 
Following this procedure, theoretical models can be validated and the reliability of 
these models can be ensured to users to apply them in the field investigations. The 
same validation can be done by simulating the bed shear stresses between field and lab 
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Wave Reflection and Cross-Wave Analysis 
 











Figure A.1. Definition sketch for analysis of normal reflection 
 
One of the most common laboratory effects that encounters in physical model 
experiments is reflection of wave energy from boundaries. Controlling the wave 
reflection is in importance to high quality laboratory experiments. Therefore, before 
conducting an experiment it is important to quantify the reflection. In the present 
experimental set-up, a passive absorber was constructed to 1:4 constant slope with the 
use of 25mm  mean diameter crushed stones. Two fixed probes method proposed by 
Goda and Suzuki (1976) and three fixed probes method given by Isaacson (1991) were 
used to check the wave reflection in the basin.  
Method 1      Two fixed probes – required the measurements of heights and one phase 
angle 
 
ia   
2 2
1 2 1 2
1 2 cos( )
2 sin( )
A A A A δ= + − Δ +Δ                               (A1) 
ra    
2 2
1 2 1 2
1 2 cos( )
2 sin( )
A A A A δ= + − Δ −Δ                               (A2) 








A A A+ − Δ= Δ                                        (A3) 
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Γ  
1/ 22 22 2 2 2 2
2 1 3 1 3
2
21
2 sin(2 )2sin ( )
A A A A A⎧ ⎫⎡ ⎤ ⎡ ⎤− − −⎪ ⎪= +⎨ ⎬⎢ ⎥ ⎢ ⎥ΔΔ⎣ ⎦ ⎣ ⎦⎪ ⎪⎩ ⎭
             (A4) 
ia        ( )12= Λ + Γ + Λ − Γ                                          (A5) 





=                                                                      (A7) 
Where 
ia  = Incident wave amplitude   
ra  =Reflected wave amplitude    
c  =Reflection coefficient 
1 2 3, ,A A A  = Incident wave amplitudes recorded by wave gauges   
Δ  =Dimensionless probe spacing kλ=      
k  =Wave number  
λ  =Distance between two probes   
δ  =Phase shift between two probes     
Both methods were used to compare and check whether the similar reflection 
coefficient was resulted. Measurements of three wave probes placed in the basin with 
equal spacing were taken for the calculations. In method 1, it is very difficult to 
measure the exact phase difference and slight change in the phase will produce large 
variation in reflection coefficient, first and second probe measurements were 
considered for method 1. Method 2 does not involve phase measurements and requires 
only the wave amplitudes which can be measured accurately compared to phase 
measurements. But method 2 is less accurate compared to method 1 (Isaacson, 1991).  
 
  223
For each spacing of wave probes (λ = 70 cm , 50 cm ), 5 samples were taken. 
Comparison of reflection coefficient for each run is given for the two methods in Table 
A.1. Wave height was measured taking the average of each cycle over 200 wave 
cycles. Phase shift was calculated by plotting simultaneous probe measurements. The 
spacing between the probes was selected so that both methods do not fail under 
specified condition (method 1 fails when spacing between adjacent probes approaches 
an integer number of half wave length. In method 2 for accurate results spacing has to 
be reasonably close to one- third of the wave length).  
Table A.1. Pure wave reflection measurements in the wave basin 
Test  Wave Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 
     
Average 
no height            
   ( )cm                           Reflection Coefficient   %         
 Method 1 2 1 2 1 2 1 2 1 2 1 2 
1 6 2.8 1.3 3.0 3.9 2.9 0.1 3.0 4.2 3.1 3.2 2.9 2.6 
 8 3.7 11.6 3.6 8.6 3.3 10.0 3.3 11.8 3.3 10.7 3.4 10.5 
 10 3.6 9.8 3.5 8.3 3.6 9.0 3.1 8.0 3.3 7.2 3.4 8.4 
 12 5.0 6.5 5.5 9.4 5.5 5.7 5.5 4.9 5.6 6.2 5.4 6.6 
2 6 4.0 4.9 2.9 2.9 3.0 3.5 3.2 4.0 3.0 5.2 3.2 4.1 
 8 3.0 5.7 3.0 5.1 2.9 4.8 3.1 4.7 3.4 5.5 3.1 5.2 
  10 1.9 1.9 1.9 1.7 2.1 2.1 1.7 1.1 1.7 0.8 1.9 1.5 
 
 
Overall average reflection coefficient calculated from both the methods found 
to be 4.4% (Table A.1). Ouellet and Datta (1986) indicated that, for effective 
experimentations, reflection coefficient should preferably be less than 10% in water 
depth ranging from 0.4m  to 3.5m . The results of this reflection analysis imply that 
the absorbing methods used in the experiment set-up [front absorber, diffracted wave 
energy loss from the opening at the end of plywood walls, side wall absorption (Figure 
4.6)] are effective for qualitative measurements in the 3-D wave basin. As reflection 
wave height is very small in comparison to the incident wave heights, the combined 
wave heights (measurements taken from wave probes) are referred in the thesis for all 
experimental runs as the incident wave heights.  
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A.2 Analysis of effect of cross-waves    
 
The diffracted waves from the ends of the current channel could reflect back to 
the measuring area due to the effect of the tailgate. Therefore, cross-waves could 
propagate perpendicular to incident waves that were generated by paddles. If the cross 
waves are created by the presence of the tailgate and if the cross-waves amplitude is 
significant, then the wave probes inside the current channel measures the combined 
surface profile of the incident and cross waves. Then the cross-wave propagation 
should be minimised to achieve the required experimental conditions. In the 
experimental runs, if the cross-waves are propagated by the effect of tailgate, then 
these cross waves will have the same period of incident waves because, the cross-
waves are propagated by diffraction of incident waves. Therefore, both waves have the 








⎛ ⎞= ⎜ ⎟⎝ ⎠        (A8) 
It results the same wave number ( k ) for both incident (paddle generated waves in the 
X  direction) and cross waves (tailgate generated waves in the Y direction). Therefore, 
surface profile of each wave in ,X Y  (Figure A.2) direction can be treated as 
xη  ( )cosxa kx tω= −                                       (A9) 
yη  ( )cosya ky tω= −                                     (A10) 
Therefore combined surface profile η is 
η  ( ) ( )cos cosx ya kx t a ky tω ω= − + −            (A11) 
Where 
,x yη η  = X ,Y  direction surface profile   
,x ya a  = X ,Y  direction wave amplitude 
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From Equation A11 
η ( ) ( ) ( ) ( ){ } ( ) ( ) ( ) ( ){ }cos cos sin sin cos cos sin sinx ya kx t kx t a ky t ky tω ω ω ω= + + +  
η  { } ( )12 2 2 cosp q tα ω= + −                     (A12) 
Where  
p  ( ) ( )cos cosx ya kx a ky= +                      (A13) 
q  ( ) ( )sin sinx ya kx a ky= +                        (A14) 
α  ( )1 2 2cos p p q−= +                               (A15) 
 
Therefore, amplitude of combined surface profile  









⎧ ⎫⎛ ⎞⎪ ⎪= + + −⎨ ⎬⎜ ⎟⎝ ⎠⎪ ⎪⎩ ⎭
                               (A16) 
 






⎛ ⎞→ ≈⎜ ⎟⎝ ⎠
  
Therefore from Equation A16 
η  ( )cosx ya a kx ky≈ + −                                      (A17) 
Measurements of two wave probes can be used with Equation A17 to find 
,x ya a . If there were cross waves, the surface amplitude should satisfy the Equation 
A17 and two wave probes measurements at different locations should give almost the 
same ,x ya a  values. Axis system for cross-wave analysis is illustrated in Figure A.2. 
Measurements of six wave probes (Figure A.2) (combined amplitude over 80 cycles at 
one probe location Table A.2) were used for the cross-waves check. Two probes’ 
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measurements at a time were used with the Equation A17 to solve for ,x ya a . Overall 
comparison of ,x ya a  values are poor (Table A.3) and therefore, it can be concluded 









Figure A.2. Axis system and wave probe location for cross-waves check in the 
experimental set-up. 
 
Table A.2. Measured mean wave amplitude of 80 wave cycles for 10cm  wave height 
input to the wave generator. ,X Y  coordinate values of probe locations for cross-wave 
analysis  
Probe  Measured Standard 





  ( )cm   ( )cm   ( )m   ( )m   
1 4.7357 0.221 -0.5 5.34 
2 4.8744 0.201 -0.5 4.34 
3 5.5149 0.174 -0.5 3.34 
4 4.9459 0.240 0.0 5.34 
5 4.2867 0.254 0.0 4.34 
6 3.7087 0.180 0.0 3.34 
 
For 1.5T s=  waves in water depth 35h cm= , assuming the linear wave theory, the 
wave number 10.80376k mπ −=  
For example consider the probe pair (probe number 1 and number 2)  
Probe 1→  4.7357 , 0.5 , 5.34cm X m Y mη = = − = → Equation A17 
4.7357  ( )( )cos 0.80376 0.5 5.34x ya a π= + − −        (A18) 
Probe 2→  4.8744 , 0.5 , 4.34cm X m Y mη = = − = →Equation A17 
T a ilg a te
X
Y
A ll d im en sio n  in  m e te rs  









4.8744  ( )( )cos 0.80376 0.5 4.34x ya a π= + − −        (A19) 
From A18 and A19 →    4.7882 , 0.0916x ya cm a cm= =  
The results for other wave probe pairs are tabulated in Table A.3 
Table A.3. Estimated values of ,X Y  directional wave amplitudes for each wave probe 
pair assuming that the cross-wave action takes place in the wave basin  
Probe pairs xa  ya  
  ( )cm  ( )cm  
1\2 4.7882 0.0916 
1\3 3.5953 -1.9926 
1\4 4.8376 0.1781 
1\5 4.2559 -0.8383 
1\6 -19.2943 -41.9869 
2\3 5.1909 -0.3363 
2\4 5.0762 -0.2145 
2\5 4.3088 0.6011 
2\6 4.1376 0.7829 
3\4 -0.3622 5.1660 
3\5 4.2381 -1.3254 
3\6 1.3271 -4.3471 
4\5 4.3242 1.0229 
4\6 4.2952 1.0706 






Suspended Sediment Motion in the Wave Free Zone   
 
Consider the sectional view (Figure B1) of sediment collecting arrangement (Figure 






Figure B.1. Sketch of the sectional view of sediment collecting arrangement showing 
the plywood settings and sediment motion in the wave free zone  
 
0.1m 
h = 0.35m 
r 
0.45 - r 
2.0 m
bed d50 = 0.22mm
Ws  
V  
A  B 
Tailgate  
Sediment particle  
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Where 
r  =The height of the plywood to be calculated to trap all suspended sediments  
V  =Particle horizontal velocity (current surface velocity)  
sW  =Particle fall velocity  
h  =Water depth in the movable bed experiment   
 
Assume that due to the wave action, the sediment particles ( 50 0.22d mm= ) suspend up 
to the free surface (Figure B.1) and also assume that, in the sediment settling process, 
particles have the velocity equal to depth averaged magnitude of the current flow. 
Maximum depth averaged velocity that is to be generated by operating two pumps is 
0.135m s . Therefore, the time taken by a particle to travel horizontal displacement 
(AB = 2m )(Figure B.1) is equal to 2 0.135 14.81s= .To trap the sediment the particle 
downward motion during this period should be large enough, either,  
Vertical displacement (during 14.81 s ) >  0.45 r−  
14.81 sW×      >  0.45 r−  
r       >  0.45 14.81 sW−      (B1) 
For       50100 1000m d mμ μ< <  









⎧ ⎫⎛ ⎞−⎪ ⎪= + −⎜ ⎟⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
 (B2) 
Kinematic viscosity ν    7 28.1 10 m s−= ×  (at 28 0 C) 
Median particle size 50d    
30.22 10 m−= ×  (sieve analysis, App. E) 
Specific gravity s    2.65=  
From Equation B2 →    sW    0.0333m s=  
Therefore from Equation B1 →     r   > 0.043m−  
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Therefore, the selection of 0.2r m=  collects all the suspended sediments. Figure 6.11 
illustrates the collected sediment in the set-up during an experimental run. The 
preliminary test in the wave flume, deploying same sand bed and generating maximum 
wave ( 15 , 1.5H cm T s= ) that is to be generated in the basin, showed that the 
sediments were not suspended to the free surface but to about 5cm above the movable 
bed. This also support that the selection of 0.2r m=  and 2 2m m×  wave free zone will 
collect all the transported sediment (both suspended load and bed load) in the provided 





Estimation of Nikuradse’s Equivalent Sand Roughness and Determination of 
Flow Regimes  
 
For transition smooth-to-rough turbulent flow, the roughness parameter is given by 
(Smith, 1977; Christoffersen and Jonsson, 1985;  Myrhaug and Slaattelid, 1990)  
0z  1 exp30 27 9






⎛ ⎞⎛ ⎞= − − +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                (C1) 
Where 
0z  = roughness length parameter 
nk  =Nikuradse’s equivalent sand roughness parameter 
cu∗  =Bed shear velocity  
ν  =Kinematic viscosity of water ( 3 28.1 10 cm sν −= ×  at 28  0 C )  
For large and small values of n c
k u
ν
∗ , Equation C1 reduces to 0 30






= that represent rough and smooth turbulent flows, respectively. 
 
  230
According to Schlichting (1979), the following turbulent flow regimes are defined 
Smooth:  0 5n c
k u
ν
∗< <                                                     (C2)        
Transition: 5 70n c
k u
ν




∗ >                                    (C4) 
Wake function (no side wall effect due to shear less boundaries and 5b h > ) 
and free surface effect (no wind over water surface) can be neglected and only the bed 
effect of the basin can be considered up to the free surface to describe the current 
directional velocity profile in both the pure current flow or combined wave-current 
flow. The log law can be used to determine roughness length parameter ( 0z ) and bed 
shear velocity ( cu∗ ) by deploying a linear regression model to the semi logarithmic 







zκ=                                           (C5) 
C5 →    u  0ln lnc cu uz zκ κ
∗ ∗= −                   (C6) 
Therefore, plot of u verses ln z estimates cu∗ and 0z . These values can be used with 
iterative Equation C7 to estimate nk  
















⎛ ⎞−⎜ ⎟⎝ ⎠= ⎛ ⎞⎛ ⎞− −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                  (C7) 
Pure current over the plane sand bed 
Case 1 depth averaged current cu = 10.5 cm s  
Table 7.1 →   Mean cu∗ 0.476cm s= , Mean  0z 0.00211cm=  
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C7→ nk   0.0567cm=  
n ck u
ν
∗   3.3306=      (smooth turbulent flow) 
Case 2 depth averaged current cu = 13.5 cm s  
Table 7.2 →  Mean cu∗ 0.594cm s= , Mean  0z 0.00198cm=  
C7→ nk   0.0754cm=  
n ck u
ν
∗   5.5257=      (transition turbulent flow) 
Similarly, for the pure current over the wave-formed ripples, by using the results in the 
Tables 6.5 and 6.6, the flow regime was found to be transition for  10.5U cm s=  and 
rough turbulent flow for  13.5U cm s= . By using the results of Table 7.4, the flow 
regime of pure current 10.5U cm s=  over the ripples formed by wave ( 15.4H cm= ) 





Estimation of Critical Depth Averaged Velocity to Produce Non-Eroded Sand 
Bed 
 






∗ ⎛ ⎞= ⎜ ⎟⎝ ⎠













∗ ⎧ ⎫⎛ ⎞⎪ ⎪= −⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭








κ= ⎛ ⎞ −⎜ ⎟⎝ ⎠











ρκρ ∗= = ⎧ ⎫⎛ ⎞⎪ ⎪−⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
                             (D4) 
Where 
u  =depth averaged current velocity  
bτ  =bed shear stress  
ρ  =water density ( 31000kg mρ = )  






−⎧ ⎫= ⎨ ⎬⎩ ⎭
                 (D5) 
s  = specific gravity ( 2.65s = )  
50d  =median particle size ( 50 0.22d mm= , sieve analysis, Appendix E) 
ν  7 28.1 10 m s−= ×  (kinematic viscosity at 28  0 C) 
D5 →   D∗  6.4=  
Considering the Shields curve for the initiation of the sediment motion  




ρ ρ= = −                                           (D6) 
Where 
crθ  = critical mobility parameter   
bcrτ  = critical bed shear stress of sediment motion   
sρ  = sediment density ( 32650s kg mρ ≈ )  
as 3 3 2 3502650 , 1000 , 9.81 , .22 10s kg m kg m g m s d mρ ρ −= = = = ×  
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D6 →   ( ) 3 20.043 2650 1000 9.81 0.22 10 0.1531bcr N mτ −= × − × × × =  (D7) 










⎧ ⎫⎛ ⎞⎪ ⎪−⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
                                   (D8) 
Assuming that the current flow over the 50 0.22d mm= sand bed is rough turbulent,  
0z  5030
d=   and water depth of the experiment 0.35h m= , 










⎧ × ⎫⎛ ⎞ −⎨ ⎬⎜ ⎟×⎝ ⎠⎩ ⎭
 0.1531<  
          u  0.3023m s<  
          cru  30.24cm s=  
Therefore, in these experimental conditions the depth averaged velocity (pure 
current) selected less than 30.24cm s  will not move the bed sediments. Therefore 
generated depth averaged current flows of 10.5cm s and 13.5cm s  will develop bed 





Sieve Analysis of Sediment 
 
The sieve analysis is a basic essential test for aggregate classification. This 
determines the distribution of aggregate particles, by size, within a given sample. Sieve 
analysis was carried out for two samples of sediment that is to be used in the 
experiment. Oven-drying of sand was done for 24 hours in a 100 0C temperature. 1180, 
600, 425, 300, 212, 150, 63 mμ  sieve diameters were used for two samples 
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(200 g ,400 g ) with a mechanical sieve shaker. Both samples resulted in more or less 
the same cumulative frequency curve (Figure E.1) 
( 2' ' log (sieve mesh in )phi mmΦ = = − )  
The following parameters were obtained to classify the sediment.  
 
Based on the cumulative curve; 
 
 
5 16 50 50 84 951.775, 1.88, 2.17 ( 220 ), 3.235, 3.76d mμΦ = Φ = Φ = = Φ = Φ =  
 
 
Median 50 2.17Φ =  
 
 
Inclusive graphic standard deviation 84 16 95 5 0.64
4 6.6
σ Φ −Φ Φ −Φ= + =  
 
Graphic skewness 16 84 50 5 95 50
84 16 95 5
2 2
0.587
2( ) 2( )
Sk
Φ +Φ − Φ Φ +Φ − Φ= + =Φ −Φ Φ −Φ  
 
 
These results suggest that the sand used for experiment is moderately well 
sorted ( 0.5 0.64 .71σ< = < ) fine sand ( 502 2.17 3< Φ = < ) and strongly skewed 














Figure E.1. Cumulative frequency curve for sand sample 1. Sample 2 also produces 

































c=1.06; b=1.75; %model constants 




zr=1;ang=55;%(ang =interaction angle in deg). Input parameters (in SI units) 
  
h=3;%required height above bottom to display the velocity profile (not an input parameter)  
%------------END OF INPUT------------------------------ 
  
z_0=k_b/30; x=pi*ang/180; Omega=2*pi/T; a_0=u_0/Omega; 
  
for g=1:200; 
    if g==1; 
       m0=1; 
      f_w_wc0=.05; 
    end 
    A=log(b*kapa*(.5*f_w_wc0*m0)^.5*u_0/(Omega*z_0))/(kapa*(.5*f_w_wc0*m0)^.5*u_0); 
    B=log (zr*Omega/(b*kapa*(.5*f_w_wc0*m0)^.5*u_0))/kapa; 
    C=-ur;      
    u_star_c_wc =(-B+(B^2-4*A*C)^.5)/(2*A);      
    u_star_c_wc;     
            for gg=1:10000;                     
                t1=(.5*f_w_wc0)^2*u_0^4 + u_star_c_wc^4 + f_w_wc0*u_0^2*u_star_c_wc^2*cos(x); 
                t2=(.5*f_w_wc0)^2*u_0^4 + u_star_c_wc^4 - f_w_wc0*u_0^2*u_star_c_wc^2*cos(x); 
                t3=(c*u_0/(u_star_c_wc) + 2)*u_star_c_wc^2; 
                t4=.5^2*u_0^4*2*f_w_wc0 + u_0^2*u_star_c_wc^2*cos(x); 
                t5=.5^2*u_0^4*2*f_w_wc0 - u_0^2*u_star_c_wc^2*cos(x);                      
                f_w_wc1=f_w_wc0 - (t1^.5 + t2^.5 -t3)/(.5*t1^(-.5)*t4 + .5*t2^(-.5)*t5);                      
                if abs (f_w_wc1-f_w_wc0)<.0000000000001; 
                   break 
                else  
                   f_w_wc0=f_w_wc1; 
                end 
            end 
            u_star_c_wc;f_w_wc1;m0;             
            m1=(1+2*u_star_c_wc^2*cos(x)/((.5*f_w_wc1)*u_0^2)+u_star_c_wc^4/((.5*f_w_wc1)^2*u_0^4))^.5; 
                     
    if abs (m1-m0)<.000000000001 ; 
        break 
    else 
        m0=m1;        
        f_w_wc0=f_w_wc1; 







 if S>3.5  
    'Model is in specified range' 
    else 





   
z_bl=z_0:.0001:delta_wc; 
Uc_bl= (u_star_c_wc^2/(u_star_wcm_wc*kapa))*log(z_bl/z_0); 
z_ul=delta_wc:.001:h; %h is height above bottom to display the velocity profile 
Uc_ul= (u_star_c_wc/kapa)*((u_star_c_wc/u_star_wcm_wc)*log(delta_wc/z_0)+log(z_ul/delta_wc)); 
plot (Uc_bl,z_bl,'r') %velocity profile in the boundary layer 
hold on 
plot (Uc_ul,z_ul) %velocity profile in the upper layer 
hold off 




Wave Height Distribution in the Combined Wave - Current Flow  
 
Table H1. Wave height distributions over wave-current ( 10.5 /U cm s= ) interaction 
area. 6cm  wave height input to the wave generator. Mean, Standard deviation (Std. 
dev.) and coefficient of variance (COV) of wave heights (measurements of 80 wave 
cycles) 
Waves of 6 cm  wave height interaction with 10.5 cm s  depth averaged current 
      Wave height ( cm )       















1 5.94 0.11 1.78 5.90 0.14 2.41 5.83 0.11 1.88 
2 5.85 0.12 2.01 5.88 0.08 1.38 5.88 0.10 1.67 
3 6.91 0.10 1.39 7.04 0.09 1.32 6.96 0.10 1.38 
4 6.29 0.10 1.60 6.25 0.15 2.46 6.24 0.14 2.27 
5 5.13 0.09 1.74 5.14 0.09 1.75 5.15 0.09 1.70 
6 4.46 0.10 2.23 4.36 0.10 2.31 4.35 0.10 2.39 
7 8.67 0.14 1.57 8.63 0.17 1.94 8.59 0.15 1.73 
8 8.10 0.07 0.92 8.14 0.08 0.93 8.17 0.07 0.85 
9 2.63 0.10 3.73 2.64 0.10 3.60 2.67 0.08 3.15 
Average wave height of all the wave probes                                                 = 5.99 cm  
Standard deviation of average wave height of all the wave probes               = 1.77 cm  





Table H2. Wave height distributions over wave-current ( 13.5 /U cm s= ) interaction 
area. 6cm  wave height input to the wave generator. Mean, Standard deviation (Std. 
dev.) and coefficient of variance (COV) of wave heights (measurements of 80 wave 
cycles) 
Waves of 6 cm  wave height interaction with 13.5 cm s  depth averaged current 
      Wave height ( cm )       















1 6.21 0.14 2.30 6.05 0.13 2.20 6.10 0.14 2.23 
2 5.79 0.14 2.45 5.75 0.14 2.39 5.79 0.12 2.09 
3 6.70 0.10 1.44 6.74 0.09 1.34 6.71 0.07 1.02 
4 6.88 0.15 2.12 6.81 0.15 2.19 6.81 0.14 2.08 
5 5.08 0.11 2.21 5.15 0.12 2.32 5.26 0.14 2.73 
6 3.88 0.14 3.53 3.85 0.12 3.15 3.83 0.13 3.33 
7 8.40 0.12 1.39 8.47 0.08 0.96 8.36 0.10 1.17 
8 7.78 0.14 1.84 7.70 0.14 1.77 7.80 0.12 1.59 
9 3.02 0.14 4.72 3.00 0.12 4.08 3.04 0.13 4.14 
Average wave height of all the wave probes                                                 = 5.96 cm  
Standard deviation of average wave height of all the wave probes               = 1.68 cm  




Table H3. Wave height distributions over wave-current ( 13.5 /U cm s= ) interaction 
area. 10cm  wave height input to the wave generator. Mean, Standard deviation (Std. 
dev.) and coefficient of variance (COV) of wave heights (measurements of 80 wave 
cycles). For wave ( 10H cm= )-current ( 10.5 /U cm s= ) flow, the table is given in the 
Section 4.2.3.2 
 
Waves of 10 cm  wave height interaction with 13.5 cm s  depth averaged current 
      Wave height ( cm )       















1 10.33 0.31 2.99 10.32 0.34 3.29 10.15 0.35 3.45 
2 9.82 0.25 2.57 9.75 0.25 2.58 9.82 0.26 2.65 
3 10.85 0.22 2.00 10.76 0.23 2.09 10.69 0.23 2.17 
4 10.83 0.23 2.16 10.71 0.22 2.01 10.78 0.30 2.77 
5 8.53 0.21 2.47 8.71 0.21 2.42 8.56 0.20 2.36 
6 6.43 0.22 3.46 6.47 0.17 2.58 6.44 0.20 3.12 
7 13.75 0.38 2.75 13.69 0.28 2.05 13.78 0.24 1.77 
8 13.04 0.22 1.68 13.12 0.26 1.97 13.12 0.25 1.90 
9 5.66 0.32 5.58 5.70 0.24 4.28 5.87 0.33 5.67 
Average wave height of all the wave probes                                                 = 9.91 cm  
Standard deviation of average wave height of all the wave probes               = 2.58 cm  





Table H4. Wave height distributions over wave-current ( 10.5 /U cm s= ) interaction 
area. 15cm  wave height input to the wave generator. Mean, Standard deviation (Std. 
dev.) and coefficient of variance (COV) of wave heights (measurements of 80 wave 
cycles) 
 
Waves of 15 cm  wave height interaction with 10.5 cm s  depth averaged current 
      Wave height ( cm )       















1 14.20 0.38 2.65 14.26 0.42 2.93 14.38 0.35 2.41 
2 15.63 0.44 2.81 15.91 0.53 3.31 15.91 0.57 3.56 
3 17.15 0.47 2.77 17.53 0.55 3.13 17.17 0.60 3.50 
4 15.60 0.44 2.84 15.31 0.48 3.13 15.52 0.54 3.48 
5 13.88 0.48 3.49 13.94 0.57 4.12 13.89 0.40 2.88 
6 10.76 0.49 4.57 10.61 0.35 3.26 10.69 0.38 3.53 
7 19.93 0.58 2.90 20.11 0.63 3.15 20.12 0.49 2.46 
8 20.48 0.61 2.98 20.76 0.57 2.73 20.75 0.66 3.16 
9 9.41 0.45 4.80 9.12 0.46 5.07 9.36 0.51 5.47 
Average wave height of all the wave probes                                                 = 15.27 cm  
Standard deviation of average wave height of all the wave probes               = 3.66 cm  




Table H5. Wave height distributions over wave-current ( 13.5 /U cm s= ) interaction 
area. 15cm  wave height input to the wave generator. Mean, Standard deviation (Std. 
dev.) and coefficient of variance (COV) of wave heights (measurements of 80 wave 
cycles) 
 
Waves of 15 cm  wave height interaction with 13.5 cm s  depth averaged current 
      Wave height ( cm )       















1 14.40 0.48 3.34 14.55 0.45 3.12 14.61 0.53 3.63 
2 15.33 0.51 3.31 15.12 0.56 3.70 15.17 0.66 4.38 
3 16.79 0.57 3.39 16.94 0.58 3.42 16.94 0.50 2.92 
4 15.71 0.66 4.20 15.83 0.58 3.64 15.96 0.59 3.70 
5 14.68 0.45 3.08 14.78 0.38 2.58 14.67 0.50 3.38 
6 8.94 0.43 4.85 9.00 0.39 4.35 9.11 0.57 6.27 
7 20.80 0.65 3.12 20.75 0.57 2.73 20.36 0.59 2.91 
8 19.96 0.60 2.98 20.30 0.72 3.55 20.77 0.67 3.24 
9 11.46 0.55 4.77 11.38 0.55 4.86 11.42 0.54 4.74 
Average wave height of all the wave probes                                                 = 15.40 cm  
Standard deviation of average wave height of all the wave probes               = 3.60 cm  






Measurements of Current Directional Mean Velocity Distribution in Pure 
Current and Combined Wave-Current Flows  
 
I.1  Pure current over plane sand bed 
 
I.1.1  10.5cm/s depth averaged current  
 
        Position A                                         Position B                                       Position C 
  
     

















          Position D                                        Position E 
 

















Stations A, B, C, D, E are shown in Figure 6.1  
( z ) was measured from local bottom  
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             Position A                                   Position B                                        Position C 




















        
           Position D                                      Position E 
 
 

















Stations A, B, C, D, E are shown in Figure 6.1  
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I.2  Pure current (depth averaged 10.5cm/s) over the pure wave formed ripples 
 
I.2.1  ( 9.92 , 1.5H cm T s= = ) 
 
                                                                                            




















Position D (trough closets)              Position E (trough closets) 
 



















Stations A, B, C, D, E are shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.2.2  ( 15.15 , 1.5H cm T s= = ) 
 
                                                                                            




















Position D (trough closets)              Position E (trough closets) 
 



















Stations A, B, C, D, E are shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.3  Pure current (depth averaged 10.5cm/s) over wave-current formed ripples 
 
I.3.1  Wave ( 5.99 , 1.5H cm T s= = )-Current ( 10.5U cm s= ) formed ripples 
 
                                                                                            




















I.3.2  Wave ( 5.96 , 1.5H cm T s= = )- Current ( 13.5U cm s= ) formed ripples 
 
Position A (crest closets)             Position B (trough closets)                 Position C (crest closets) 
 

















Stations A, B, C are shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.3.3  Wave ( 9.84 , 1.5H cm T s= = )-Current ( 10.5U cm s= ) formed ripples 
 
                                                                                            





















I.3.4  Wave ( 9.91 , 1.5H cm T s= = )-Current ( 13.5U cm s= ) formed ripples 
 
Position A (trough closets)             Position B (crest closets)                 Position C (crest closets) 
 

















Stations A, B, C are shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.3.5  Wave ( 15.27 , 1.5H cm T s= = )-Current ( 10.5U cm s= ) formed ripples 
 
   
                                                                                          





















I.3.6  Wave ( 15.4 , 1.5H cm T s= = )-Current ( 13.5U cm s= ) formed ripples 
 
Position A (crest closets)             Position B (trough closets)                 Position C (trough closets) 
 

















Stations A, B, C are shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.4  Current directional mean velocity distribution in wave-current combined 
flow over the movable bed 
 
I.4.1 Measurements at Station A 










































Position of Stations A is shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.4.2 Measurements at Station B 
 













































Position of Stations B is shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.4.3 Measurements at Station C 
 













































Position of Stations C is shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.4.4 Measurements at Station D 
 













































Position of Stations D is shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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I.4.5 Measurements at Station E 
 













































Position of Stations E is shown in Figure 6.1  
( z ) was measured from local bottom. Brackets indicates that the vertical profiling is 
nearest to the crest or trough of the bed ripple  
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Figure I.1. Measurements of time mean current velocities (    ) of wave-current 
perpendicular interaction, predictions by Christoffersen and Jonsson (1985) (        ),    
Fredsǿe (1984) (         ), Grant and Madsen (1986) (one point       ) and present (depth 
averaged        ;one point       )  models . For one point prediction the reference velocity 
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